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Abstract 
 
Investigation of selenium and arsenic in coal-mining associated rocks and sediments 
using ultrasonic and sequential extractions techniques 
 
Innocent Pumure 
 
 Ultrasound extraction was used to compare the accelerated release rates of arsenic 
and selenium from pulverized rocks associated with mountain-top removal/valley fill 
method of coal mining. The kinetic studies demonstrated that the release rates are 
dependent on rock lithology as well as the total concentrations found in the rocks. Se 
(IV) was found to be stable under ultrasonic irradiation (200 W/cm2) but As (III) was 
quickly oxidized to As (V). Rocks such as BT700 were found to have more Se (IV) 
compared to Se (VI) and others such as BT571 were found to contain more Se (VI) 
than Se (IV).   
 Continuous application of ultrasound energy at 200 W/cm2 for 20 and 25 minutes 
was found effective in the extraction of bioavailable selenium and arsenic from 1 g of 
pulverized rocks, respectively. The amounts extracted were similar to the 
concentrations obtained in the combined water and phosphate buffer fractions from 
the sequential extractions. 
 Selenium concentration in stream at MT15 and MT18 sampling points decreased 
over a period of seven years but remained almost constant at MT 34B during the 
same period. The sediment MT 34B had the highest amount of extractable selenium 
and arsenic and both elements appear to be closely associated with organic matter. 
Most of the selenium in the MT 34B sediment was Se (IV).  
 The reduction of Se (VI) through Se (IV) occurs at pH 7 and pH 4 when reacted 
with kaolin and combined HA–kaolin mixtures. HA alone can reduce Se (VI) at pH 4 
but not at pH 7.  
 A chemometric analysis of extraction data using principal component analysis 
suggested that released selenium is associated with 14 Ǻ d spacing clays and 
extracted arsenic is associated with illite in rocks analysed. 
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Chapter 1:  Mountaintop Removal/Valley Fill Coal Mining and the  
  Release of Selenium and Arsenic into Surface Water 
 
 Mountaintop removal/valley fill (MTR/VF) coal mining is a process that involves 
the removal of mountain tops to expose beds of coal. As shown in Figures 1 and 2, 
MTR/VF begins with the removal of the flora and fauna necessary for the maintenance of 
ecological balance in the affected areas. After clearing trees, soil and waste rock are 
unearthed in search of coal beds. This rock material generated by the mining phase is 
placed in adjacent valleys and streams creating valley fills. Deposition of the rock 
material into the stream beds often covers and suffocates benthic organisms that are 
needed for the sustenance of the natural aquatic environments.   
 Hartman et al.1 found reduced densities of microinvertebrates in streams affected 
by MTR/VF mining which they proposed was due to the elevated conductivity caused by 
increased concentrations of ions (Na, K, Mn, Mg, Ca, Ni and Fe) and fine sediment 
compared to reference streams.  Valley fills have been found to leach a variety of metals 
that disturb the ecological balance in natural aquatic systems.2-4  MTR/VF is considered 
an attractive mining method by coal operators because it allows for an efficient exposure 
of coal beds while minimizing operational costs. They suggest that the resulting 
horizontal surfaces may be used for a variety of purposes that include building houses, 
shopping malls and recreational facilities.  
 The USEPA National Interim Primary Drinking Water Regulations maximum 
contaminant level (MCL) for selenium is 50 ng/mL.  A concentration higher than the 
MCL has the potential to cause the following effects from a lifetime exposure: hair and 
fingernail loss; damage to kidney and liver tissue, and the nervous and circulatory 
systems.5  The USEPA criterion continuous concentration (CCC) for selenium, which is 
 
 
1
an estimate of the highest concentration of selenium in surface water to which an aquatic 
community can be exposed indefinitely without resulting in an unacceptable effect, has 
been set as 5 ng/mL.6 In a 2001 USEPA study undertaken in a MTR/VF mining area in 
southern West Virginia, measured selenium concentrations were higher than 5 ng/mL in 
66 out of the 213 water samples collected. All 66 sampling locations were located 
downstream from filled sites. No detectable arsenic concentrations were found in all 213 
water samples collected 7. Individuals who drink water containing arsenic in excess of 
EPA's MCL of 10 ng/mL8 over many years could experience skin damage or problems 
with their circulatory system, and may have an increased risk of getting cancer. The EPA 
CCC for arsenic is 150 ng/mL. 
Chemical speciation of arsenic and selenium  
 Bioavailability and toxicity of arsenic and selenium depend not only on their total 
concentration but also on their physicochemical nature. Inorganic forms of both arsenic 
and selenium are generally considered to be more potent toxins compared to organic 
forms.  
 Selenium speciation 
 Selenium exists in –I, -II, 0, IV and VI oxidation states.  Most organic forms are 
in the –I and -II oxidation states and are mainly found in biological systems and in 
reducing swampy environments. In biological systems selenosugars, selenoproteins and 
selenoamino acids have been reported.9  Biotransformation through alkylation of 
selenium is a detoxification process that changes the more poisonous inorganic selenium 
to alkylselenium species that are less toxic and are easily excreted through the urine and 
sweat in animals and also as volatile gases in plants.10  Volatile compounds such as 
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Figure 1:  Step by step overview of mountaintop removal /valley fill procedure.11 
   
 
 
3
  
 
 
Figure 2: A view of the 1929-acre mountaintop removal site in Bob White, Boone 
County, W.Va. In the middle is a valley fill, which contains the mountains that made up 
Island Creek Mountain and buries the headwaters of Big Branch Creek.  The mountain 
peak on the right has been clear-cut and decapitated; blasting blows away the rock to the 
coal seam, April 2007.12 
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dimethylselenide, dimethyldiselenide 10, 13 and hydrogen selenide are produced by  some 
plants and microorganisms14 through the detoxification process. Humans excrete 
trimethylselenonium ion 10 in urine.  
 Depending on the prevailing pH and redox potentials in natural waters, selenium 
is mainly found as selenite (SeO3-2) or selenate (SeO4-2). Selenite is less mobile in water 
compared to selenate and is mainly found in acidic waters with reducing redox potentials.  
Selenates are found in mainly high pH environments under oxic conditions as shown in 
Figure 3.15  Selenites are generally considered to be more toxic compared to selenates and 
are more easily bioaccumulated.16 
 Arsenic speciation 
 In natural waters arsenic is found mainly as arsenite (AsO3-3) or arsenate (AsO4-3). 
Arsenite is more mobile because it is neutral (H3AsO3) at pH 5 to 8 which is very 
common in water and sediments.15 Arsenite is mainly found in reducing environments 
whereas arsenate is mainly found under oxidizing conditions. In general arsenite is more 
toxic and reactive compared to arsenate.17 Both arsenic and selenium are used as terminal 
electron acceptors during anaerobic respiration.18 The distribution of arsenic species in 
water is shown in Figure 4.19 
 Selenium and arsenic toxicity to fish and other wildlife 
 In 1980s fish and wildlife died at Kesterson National Wildlife Refuge in 
California due to selenium poisoning as a result of direct and indirect consumption of 
polluted agricultural drainage emanating from nearby farms.20, 21 Selenium concentrations  
in bird livers were found to be in the range associated with adverse reproductive effects. 
Elevated selenium concentrations in fish and bird eggs are associated with higher  
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            Figure 3: Eh-pH diagram for dissolved selenium species. 15 
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  Figure 4: Eh-pH diagram for dissolved arsenic species.19 
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teratogen and mortality rates.  
 It is currently being debated whether to change the 5 ng/ml surface water (CCC) 
selenium standard to actual concentration of selenium in the flesh of fish as a result of 
bioaccumulation and biomagnification. A new fish standard has been suggested as 7.9 
µg/g fish, which was found to reduce approximately 80 % of the chronic diseases in fish. 
22 However, this has raised some concern because adult fish may not show evidence of 
selenium intoxication. The primary point of concern has been identified to be the passage 
of selenium from adult female fish to eggs. Eggs that had concentrations above 10 µg/g 
were found to have deleterious biochemical malfunctions that led to teratogenic 
deformities and death.22 Further, metabolism of selenium varies in winter and in summer, 
and higher concentrations of selenium combined with low water temperatures (4 C)o  were 
shown to result in reduced activity and feeding, depletion of 50-80% of body lipid, and 
significant mortality within 60 days.  Fish in warm water only showed 23  increased oxygen 
uptake and no harmful physiological and feeding variations were observed.23
 All arsenic species have been discovered to have profound toxic and teratogenic 
effects on living organisms. The toxicity of arsenic in different types of fish has been 
widely studied and recently 1.02 µg/ml of arsenic was reported to kill 50 % of Tilapia 
fish.24  
Release of arsenic and selenium from waste rocks 
 Common mathematical models used to describe the kinetics for the release of 
inorganic and organic substances from solids into solution are parabolic diffusion, 
elovich, power function and first and second order kinetic models. 25-28 These models are       
often used to approximate the overall chemical kinetics of intricate reactions occurring 
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in complex matrices that are often unknown.  
 First order kinetics are used to describe a desorption process that is controlled by 
surface film and intraparticle diffusion. 29 The derivations of the first order kinetic model 
for a reversible desorption /sorption reaction is shown in Appendix 1A. The first order 
kinetic equation can be written as follows, 
ln(1- Bt/ B∞) =  - (k1 + k2)t ……...………………………………………………..……..1 
Where Bt is the concentration of extracted/released species at time t. k1 and k2 are the 
first order reaction constants for the forward (release) and backward (sorption) reactions 
and B∞ is the concentration of released species at infinite release time. 
 With respect to the increasing concentration of the desorbed species B in the 
mixture, k1 has a negative slope and k2 has a positive slope. Equation 1 clearly shows that 
there are two competing rate constants that bring about change in the sorption/desorption 
kinetics. For desorption to occur, the condition k2 >> k1 is imperative otherwise sorption 
will become dominant. Equation 1 can be simplified to  
 ln(1- Bt/ B∞) =  - k (observed). t …………………………………………………..………. 2 
Where  k (observed)  = k1 + k2.  
Approximation of B∞  
 B∞ is approximated by plotting Bt vs. Bt + x ( Kezdy-Swinebourne method 30) 
where x is a constant temporal incremental factor used to pair up early data points with 
the later ones. The point at which this line intersects a 45o line on the Cartesian plane is 
used to estimate the B∞ value. An appropriate value of x has to be chosen. It is 
recommended that x should 2~3 times the half-life of the total (approximated)  
concentration (Appendix 1B). A plot of ln (1- Bt/ B∞) vs. t yields a slope equal to  
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k observed. 
Environmental impacts of released selenium and arsenic 
 Once released from valley fills, selenium and arsenic can enter many different 
pathways that are dependent on the physical and chemical properties of the water and 
sediment. The combined concentrations of  (i) soluble amounts released immediately into 
the liquid phase and (ii) amounts retained by the solid phase that can be easily transferred 
into the liquid phase is bioavailable.31 The release rates from the solids depend on their 
relative bioavailabilities. Hence as illustrated in Figure 5, phases 2 - 4 represent the labile 
fractions that are bioavailable compared to the inert material in phase 1. 
 The fate of the released selenium and arsenic also depends on the environmental 
conditions that include pH, electrochemical properties, presence or absence of 
complexing agents such as natural organic matter ( humic and fulvic acids) and other 
reactive organic and inorganic materials.32, 33 Such environmental conditions can result in 
changes of oxidation states and the sequestration or remobilization of selenium and 
arsenic, thereby controlling their bioavailabilities and toxicities. It is generally accepted 
that self purification of river systems will result in coagulation and a greater proportion of 
pollutants will eventually get deposited and immobilized in riverbeds.34-36  In some 
situations the pollutant concentration in river water will decrease as a result of dilution as 
more water will be added downstream the source of the pollutant. Thus, river 
concentration can increase, decrease or remain at equilibrium depending on the rate of the 
introduction and residence time of the introduced pollutant. Elevated concentrations of 
these metalloids have also been shown to stunt the growth of some plants 37, 38 which 
could inhibit a critical process required in the remediation of filled sites. 
 
 
10
  
 
 
 
 
 
  
Figure 5: Bioavailability of species sorbed onto or encapsulated within the rock 31. 
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A variety of mathematical and theoretical simulations have been developed in an attempt 
to study the solid-solution chemistry in an effort to determine transport mechanisms upon 
introduction into the environment.39, 40 Several authors have explored the adsorption and 
desorption techniques using a variety of pure adsorbents such as clays or goethite in the 
presence or absence of humic and fulvic substances.41-45 Desorption hysteresis studies 
provide insights into the remobilization of previously sorbed arsenic and selenium. The 
release of sorbed ions depends largely on their physicochemical nature and, to some 
extent on the solution properties of the extracting media. Su and Suarez 46 indicated that 
selenate adsorption to iron oxide was reversible while selenite was not. The binding of 
selenate was shown to depend on ionic strength and that of selenite was not. Such 
information is especially important in determining the bioavailable fraction of selenium 
that originates from sediment under natural environmental conditions.  
 Manning and Goldberg 47 studied the stability of the binding of arsenate and 
arsenite at the clay mineral-water interface and concluded that arsenite is more stable 
between pH values ranging from 4-9 and the arsenite is oxidized to arsenate above pH 9. 
However, there was evidence of heterogeneous oxidation of arsenite on the clay surface 
that resulted in strongly bound arsenate. Most clay minerals and activated alumina have 
been shown to have more affinity towards arsenate than arsenite. Thus, even though 
arsenite species could be stable in water at natural water pH values that range from 6.5-
8.5, their concentrations were quickly diminished due to heterogeneous oxidation. They 
also concluded that modeling of arsenite oxidation on many common mineral matrices 
may not always be valid due to the uncontrollable catalytic oxidation processes that occur 
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on the mineral surfaces. MnO2 impurities in clay minerals for example, have been shown 
to be responsible for the observed catalytic behavior in lake sediments.48 
 River sediment has been identified as an accumulator of both organic and 
inorganic pollutants and is an important indicator of environmental pollution.49, 50 It is 
often the remobilization of the sorbed selenium and arsenic from the sediments that can 
lead to environmental consequences in river waters 51, and the widespread incidences of 
sediment contamination and its importance for ecosystem quality have been reported.52-54 
A large number of sediment quality guidelines (SQGs) have been developed to aid 
regulators in dealing with contaminated sediments and Burton (2002) has reviewed their 
worldwide use.55  
Extraction of selenium and arsenic from solid samples 
 Bioavailable concentrations in sediments are usually obtained using standard and 
modified Tessier’s extraction methods56 and total available by both open vessel and 
closed vessel acid digestion procedures.  Traditionally, selenium and arsenic in solid 
samples have been extracted with water, NaOH, phosphate buffers, oxidizing agents such 
as K2S2O8, and a variety of concentrated acids with/without microwave digestions.57, 58  
 Microwave digestions with strong acids result in complete dissolution of the solid 
samples.  This results in the liberation into solution of both loosely and strongly bound 
metals together with residual metals that are closely associated with silicate matrices. 
Such extraction methods, although useful in estimating the entire amounts of available 
metals in solids, cannot give the essential information on the readily bioavailable 
concentrations that are immediately leached into aquatic systems soon after valleys are 
filled.  
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 It is imperative to use analytical methods that extract the loosely bound metals, 
which are readily mobile because their concentrations can quickly build up under 
conditions that favor high residence times. Acid Leaching, Standard Tessier, and the 
Standards, Measurements and Testing program (SMT) formerly known as BCR 
(Community Bureau of Reference, Commission of the European communities) methods 
are very useful in estimating the amount of metals available in different phases.59, 60 The 
flow diagrams for the BCR and Standard Tessier extraction methods are shown in 
Figures 6 and 7, respectively. 
 The initial stage of the BCR method uses a weak acid (acetic acid) and in 
Standard Tessier extraction methods a highly concentrated chloride salt (NaCl, KCl or 
MgCl2 ) is used to estimate both water soluble and exchangeable metals in solid samples. 
In the Acid Leaching method, 0.01– 4M  HCl 61  is used to represent an HCl extractable 
fraction which is often related to total concentration of selenium that can be released over 
an infinite period of time. Caution must be exercised when using acids in acidic-based 
digestions. Although these HCl extractions have been widely used for positively charged 
metallic species, their applicability to the extractions of selenium and arsenic oxoanions 
is questionable because these anions are closely associated with both humic (HA) and 
fulvic acids (FA).62 Humic acid is soluble in alkaline media and insoluble in acidic media 
whereas FA is soluble in both acidic and alkaline media. It is well-known that the toxicity 
and the bioavailability of any chemical species depend on both the total concentration 
and, often more importantly, on the chemical form. The use of acidic media, oxidizing, 
and reducing agents will often change the oxidation state of metals making the methods 
only good for the quantitation of species stable in that particular medium. 
 
 
14
  
 
 
 
 
Figure 6:  BCR extraction procedure.59 
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Figure 7:  Standard Tessier sequential extraction procedure.63 
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This explains why there is a general consensus that deionized water should be used as an 
extracting solvent either hot or cold because it has the ability to preserve the natural 
oxidation state of metals being leached.64-67 
Attempts have been made to use alkaline phosphate buffers and sodium hydroxide 
solutions to leach out and to preserve the oxidation states of selenium species.67 
Phosphate buffer extractions have been found to remove both exchangeable and strongly 
bound selenium is soils with insignificant modifications of the oxidation states. The 
loosely bound portion that comprises the water-soluble and exchangeable fractions are 
the most bioavailable. The high chloride concentrations used in BCR and HCl based 
leaching protocols, although very essential in displacing the oxoanions from the solid 
surfaces by ion exchange, can also reduce Se (VI) to Se (IV) 68 during the course of 
extraction thus altering the natural distributions of species in the samples important in 
assessing the immediate release and bioavailability of metals in the aquatic environment.  
Ultrasound extraction 
 Ultrasound extraction can release metals from the solid into the liquid phase on a 
much shorter time scale thereby decreasing analysis times.69-74 Ultrasonic extraction 
enhances the dissolution process by producing acoustic cavitations that result in bubble 
formation and subsequent collapse generating high-pressure gradients, thereby increasing  
reactivities.75, 76 The use of ultrasonic energy has proven to be an easy, convenient, and. 
fast way of desorbing inorganic 58, 73, 77 and organic pollutants 78 from sediments, soil and 
biological samples.79, 80 Ultrasound extraction is also an aseptic method and it has been 
suggested that high frequency ultrasound (20 kHz) in low volumes (200 mL) of bacterial 
suspensions resulted in a continuous reduction of bacterial cell numbers.81, 82 Hence 
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microbial sample alteration or modification after ultrasonic extraction is considered to be 
minimal if samples are placed in containers previously washed with ethanol. 
 In order to assess the contribution of the overburden from MTR/VF to the 
accumulation of arsenic and selenium in the streams and sediments, core samples, stream 
water, and sediments were collected from the affected areas in southern West Virginia 
and analysed for selenium and arsenic. 
Sample collection 
 Rock samples 
 Rock samples were collected from a core obtained by the West Virginia 
Geological and Economic Survey (WVGES) from Kayford Mountain which is situated at 
the intersection of Boone and Kanawha Counties, West Virginia, USA (81o 21' 31'' W, 
37o 58' 42''). The core was obtained by drilling from the mountaintop down to 270 m 
below the surface. 
 Sediments and water samples 
 Three water and three sediments samples were labeled as MT 15, MT 18 and MT 
34 B by the WVGES in 2007 and were collected from the Mud River and Spruce Fork 
watersheds. All samples were placed in acid-washed polyethylene bottles and the 
sediments were freeze dried to preserve the natural oxidation states and then subjected to 
sequential and ultrasound extractions. Samples MT 15 and MT 18 were collected from 
the Mud River watershed and MT34 B was collected from the Spruce Fork watershed as 
shown in Figures 8-10.  
 MT 15 was collected approximately 700 feet upstream from the confluence with 
the Mud River. The site is located downstream of six valley fills. No mining activities  
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were going on at the time of sampling and the last mining permit was issued in 1995.    
MT 18 is downstream from two valley fills and the last mining permit was also issued in 
1995. There were no mining activities going on at the time of sampling and the site is 
located approximately 2000 ft upstream from the confluence with the Mud River.   
MT34 B sampling point is downstream from one valley fill and there was active mining 
going on at the time of sampling. The sampling point is approximately 900 ft upstream 
from the confluence with Beech Creek and a downstream pond. In the 2000 study 
selenium concentrations were found to be 12.1 µg/L at MT 15, 36.8 µg/L at MT18 and 
22.7 µg/L MT 34 B, respectively.  
 Control samples 
 Background sediment and water samples were collected from six pristine areas 
within Big Creek quadrangle, Jefferson County in southern West Virginia (82o 07' 30'' E 
82o 00'). These areas were not affected by MTR/VF activities. The sampling locations 
were labeled 1 to 6 as shown in Figure 11. Samples were taken from Sandlick Hollow 
(1), Schoolhouse Hollow (2), Slab Creek (3), Chestnut Creek (4), Doss Fork (5) and 
Charley Trace (6). Samples were collected in May 2008 by WVGES. 
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  Figure 8: General sampling locations  
  Courtesy, West Virginia Geological and Economic Survey7  
 
 
 
 
 
 
 
20
  
 
 
 
Figure 9:   MT 15 and MT 18 sediment and water sampling locations in the Mud river  
        watershed.  
 Courtesy, West Virginia Geological and Economic Survey7 
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 Figure 10: MT34B water and sediment sampling location in the spruce fork 
 watershed.  
 Courtesy, West Virginia Geological and Economic Survey7 
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Figure 11: Sampling locations for background control samples  
Courtesy, West Virginia Geological and Economic Survey7 
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Chapter 2:  Accelerated Aqueous Leaching of Selenium and Arsenic  
  with Selenium Speciation Using Ultrasound Extraction  
 
Introduction 
 Temperature-controlled ultrasound extractions provide important kinetic data that 
can be useful in describing the chemistry at the solid-solution interface. Focused 
ultrasonic probes enable efficient adjustment and monitoring of temperature in a water-
jacketed extraction vessel. The solid –solution chemistry can then be used to infer the 
bioavailabilities of metals released into associated aquatic systems. Most traditional batch 
extraction methods utilize lengthy mechanical shaking or soxhlet extractions that may 
take hours or days for a single extraction to be performed.  
 This methodology was used to investigate the kinetic release of arsenic and 
selenium from pulverized samples of rocks associated with coal mining activities. Since 
natural rock dissolution is a lengthy process 83, ultrasound extraction was used to mimic 
the natural weathering of coal-associated rocks on a much shorter time scale. 
Comparative ultrasound-assisted kinetics of selenium and arsenic leaching from 
pulverized samples of rock associated with coal mining activities has been examined. 
Although the first order and parabolic diffusion models are both very important in 
describing the surface film diffusion or intraparticle diffusion of materials from rocks into 
solution 83, the first order kinetic model was found to be most useful in comparing the 
rates of accelerated rock disintegration and the concomitant release of arsenic and 
selenium from coal-associated rocks.  
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Ultrasonic first order kinetics 
 The diffusivity or velocity of the extracted species is proportional to the driving 
force acting on the species as they move out of the particles into the solution. It is being 
proposed that this ultimate velocity in sonochemical extractions is proportional to three 
factors namely the inherent mobility, u (which depends on solution pH, surface area and 
lithology of rocks), sonication power B and the chemical potential, µ ( which is 
dependent upon the Gibbs function, ∆Gr between the adsorbed and the desorbed species).  
ν = u. F  ……..……….………………………………..………………..……………….3 
 Where ν is the velocity in cm s -1, u is the mobility of the extracted species in cms-1/ N 
mol-1 and F the extraction force in newtons ( N) or applied potential. 
 Heterogeneous or homogenous extractions are governed by the ability of a 
chemical to move from one phase into another down a concentration gradient until 
equilibration or when the chemical potentials (µ) of the extracted species in the 
interacting phases are equal.84, 85 The extraction force F can therefore be defined as  
 F = dµ/dx………………………….………………………………… …………………..4 
 Where dµ/dx is a chemical potential gradient across a film of desorbing species. 
In sonochemical extractions, the extracting force F is magnified by the ultrasound power 
B as follows 
F = B dµ/dx……………….……….………………………………… …………………..5 
Hence combining 3, 4 and 5   
 ν = u. B dµ/dx ...……………………………………………...…………………………6 
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 Therefore, ultrasound assisted extraction rate constant is proportional to the 
following parameters: 1) pH, 2) the mobility of the selenium and arsenic compounds 
from the solid to liquid phase, 3) the chemical potential of these species, 4) lithology of 
rocks extracted, 5) the surface area of particles, and 6) the level of ultrasonication. 
Samples 
 Three samples were obtained from the WVGES from depths of 18 meters (BT60), 
174 meters (BT571) and 214 meters (BT700), respectively. Each core sample had been 
subdivided lengthwise, pulverized and passed through a 60 mesh sieve. These sieved rock 
powders were then subjected to ultrasonic extraction. 
Experimental 
 
 Materials and methods 
 
   An Ultrasonic Sonicator (Misonix, Model XL 2020) equipped with a 0.3 mm 
diameter titanium probe was used to deliver sound energy (200 W/cm2) to a mixture of 
1g of pulverized sample and 10 mL water. A five-minute application of ultrasound 
energy to a pulverized rock sample mixture in a 1:10 solid to solution ratio was found to 
produce useful results for a single extraction. A 38-ml capacity water-jacketed extraction 
vessel (22mm ID x 10 cm quartz tube) was designed. The ultrasonic power was measured 
by calorimetry. 86, 87 A thermocouple was immersed into the extraction solution to 
monitor the temperatures during extraction and ultrasound energy measurement 
processes. The water/pulverized rock mixture was ultrasonicated for a period of five 
minutes followed by centrifugation for 20 minutes at 3400g. The supernatant solution 
was decanted and placed in a 25-mL polyethylene vial. The solid residue was returned 
back to the sonication vessel followed by the addition of a fresh 10-mL aliquot of water 
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for the second ultrasonication step. The process was repeated seventeen additional times 
for a total 90 minutes of sequential extraction. Each extract was analyzed for total 
selenium and arsenic by graphite furnace atomic absorption spectrophotometry and Se 
(IV) and As (III) were measured by hydride generation atomic spectrophotometry. A 
Varian atomic absorption spectrometer (Model 55B) with D2 background correction was 
used to analyze all the samples. A larger titanium probe (1.905 cm in diameter) was also 
used in the experiments together with a 308-mL capacity sonication cell filled with 150 
ml of nanopure water. 
 Approximation of total available arsenic and selenium in pulverized rock samples 
was performed through microwave digestion using a CEM Corporation MARS-5- 
Explorer (Model 194A04CEM) and a combination of HF, HNO3 and HCl.  
 Calorimetric power measurements 
 The sonicator has a generator that produces 20 kHz of electrical energy which is 
sent to a converter where electrical energy is transformed into mechanical vibrations. The 
converter has a Pb-Zr-Ti electroresitive piezocrystal that vibrates when subjected to AC 
voltages. The resistive piezoelectric crystal vibrates by expanding and contracting when 
responding to the opposite cycles of the AC current.  The produced vibrations bring about 
sound energy at the horn tip (probe) that is passed on to the solution. The effective 
ultrasound energy dissipated into the solution does not always correlate to the power as 
defined by the manufacturer settings. It is therefore erroneous to report the effective 
power output using the manufacturer maximum power ratings because the magnitude of 
the power delivered is influenced by several factors that include type of sonication cell, 
positioning of the titanium probe tip, liquid height, the specific heat capacity and the 
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density of the solvent used.87 The calorimetric power calculations were carried out using 
the following relationship 
Power = m Cp (dT/dt) t = 0……………………………………………………………..6 
  Where Power is in watts, m is the mass of the solvent, (dT/dt) t = 0 is the initial 
slope of the curve temperature versus time at zero seconds.86-88 
This slope (dT/dt) t = 0 was approximated from the differentiation of a third order 
polynomial. 
 Power measurement for 1.905 cm diameter probe tip 
 Nanopure water (150 mL) was placed in a 308-mL capacity cell and a probe 
(1.905 cm) was used in the application of ultrasound energy to the water. The maximum 
vibrational frequency setting number of 10 and 40 % power output were employed in the 
experiments because the generator was unstable at power output greater that 40 %. The 
water inside the sonication vessel was initially equilibrated for 10 minutes at 24 + 1 oC 
and then continuously irradiated with sound energy for 110 seconds. The temperature (T) 
at 10-second time (t) intervals was recorded during the continuous sonication process for 
up to 110 seconds. This was repeated four times. The refrigerated water flowing in the 
jacket was maintained 24 + 1 oC . 
 The value of (dT/dt) t = 0   as obtained from the differentiation of the polynomial in 
Figure 13, T = 7E-06 t3 - 0.0017 t2 + 0.2108 t + 23.692 was 0.2108.  The third order 
polynomial was found to be the best fit as indicated by the R2 value (0.9983). Hence the 
power dissipated by the generator into the 150 ml nanopure water is given by 
 150 g X 0.2108 o C /s X 4.184 J/o C. g = 132.3 W.  
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Figure 12: Ultrasound extraction experimental set up. 
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The corresponding power intensity at the tip of the probe would be 46.4 W/cm2. The 
power per unit volume is 0.882 W/mL.   
 Power calculation for a 0.3cm diameter probe tip 
  
 A 0.3 cm diameter probe tip was used together with 10 ml of nanopure water in a 
smaller sonication cell (38 mL). Experiments were performed in a manner previously 
described and the results obtained are given in Figure 14 and the summary in Table 1. 
Three power settings 2, 3 and 4 were explored because no meaningful vibrations were 
noticed at setting number 1. The ultrasound generator was very unstable at vibrational 
settings 5 to 10 and therefore these vibrational settings were not used in the experiment. 
The power output was maintained at 40 %. 
 Selection of an appropriate probe tip 
 The larger tip delivered the highest amount of power (132.3 W) into the 
pulverized rock mixture compared to 14.15 W produced by the smaller tip. The 0.3 cm 
diameter probe at power setting number 4 was used to study the kinetics of ultrasound-
assisted extraction because it produced higher power intensity, higher power per unit 
volume and was better suited for a smaller amount of sample (1.0 g) instead of 20 g that 
would have been required if the 1.905 cm diameter probe were used. The power almost 
doubled from one setting to another within the 2-4 range as indicated in Table 1. 
 Reagents 
 Arsenic and selenium stock solution (1000 ppm) were prepared from 
sodium selenite, (99.999%, Aldrich), sodium selenate, (99% Alfa Products), sodium 
arsenite, (99% GFS chemicals) and sodium arsenate, (98 % GFS chemicals)  
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Working standards were prepared by serial dilution of the 1000 ppm stock solutions. The 
reagents for hydride generation AAS were 0.6 % NaBH4 (Fisher scientific) in 0.5 % 
NaOH solution and 6M HCl(Fisher Scientific). 
 Microwave digestions were performed using 70 % HNO3 (Trace metal grade), 48 
% HF (Fisher scientific), 37 % HCl (Fisher scientific) and Boric acid crystals (Fisher 
scientific) 
 Varian partition graphite tubes (carbon coated), 5 % and 500 mg/L 
Ni (NO3)2.5H2O (Mallinckrodt) matrix modifiers for total selenium and arsenic analysis, 
respectively.  
 Procedure for hydride generation AAS 
 The sonicated extracts were aspirated into the reduction reaction coil together 
with the reducing agent 0.6% NaBH4 in 0.5 % NaOH solution simultaneously with 6 M 
hydrochloric acid using a peristaltic pump. The NaBH4 reacted with Se (IV) in the rock 
extracts in the presence of HCl to produce the volatile H2Se. The flow of argon gas into 
the gas/liquid separator bubbles out the volatile H2Se into the quartz absorption cell 
placed on a burner stem in an air/acetylene flame. The high temperatures of the air 
/acetylene flame facilitate the atomization of H2Se into H2 and Se species. Absorbance 
recorded at λnm = 196 nm was used as the analytical parameter for the quantitation of Se 
(IV). Each absorbance result was recorded with a pre-read delay of 45s after sample was 
introduced into the instrument to enable a steady-state value to be attained before data 
sampling. Se (VI) is not sensitive in this analytical procedure because it cannot form 
volatile hydrides. 
 Procedure for total As and Se analysis using Graphite furnace AAS. 
 A 2 mL aliquot of extracts, 2 mL of nanopure water (for standard and sample  
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Figure 13:  Variation of temperature with sonication time for the larger probe (1.905 cm) 
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Figure 14: Variation of temperature with sonication time for the smaller probe (0.3 cm) 
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Power 
setting 
 
(dT/dt) t = 
0
 
Power 
output 
        W 
 
Power intensity 
(W/cm2) 
 
Power per unit 
volume 
(W/mL) 
        4 0.3382 14.15 200.1 1.415 
        3 0.2003 8.381 118.5 0.838 
        2 0.1012 4.234 59.87 0.423 
 
    Table 1: Power parameters for 0.3cm diameter probe in 10 ml water 
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dilution purposes only), appropriate Ni (NO3)2 5H2O modifier and the 50 ng/mL standard 
for selenium and 100 ng/mL for arsenic were placed in separate compartments on the 
sample holder. Samples were individually analyzed for arsenic and selenium. The 
instrument was programmed to collect 10 µL of an extract and 2 µL of matrix modifier 
and to place them together in a graphite tube using an autosampler. The mixtures were 
then subjected to specific heating programs as outlined in Tables 2 and 3. 
 The graphite tubes were initially cleaned and conditioned using 2 µL of matrix 
modifier and 10 µL of nanopure water before performing any analyses. The averaged 
absorbencies recorded at λmax = 196 nm for selenium and 193.7 nm for arsenic during 
steps number 6 through 8 (Tables 2 and 3) were used for both standards and samples. 
Each extract was analyzed nine times using 3 x 3 replicate assays.  
 Procedure for microwave digestion 
 
 A 0.25-0.5 g sample was placed in each microwave extraction vessel followed by 
the addition of 5 mL of HNO3, 5-mL of HF and 3-mL of HCl. The vessels were sealed 
and placed on the turntable which was placed in the instrument followed by connecting 
pressure and temperature sensors. Samples were subjected to the heating procedure 
shown in Table 4. After digestion the solutions were quantitatively transferred to 50-ml 
volumetric flasks and then to polyethylene vials for storage. The digests were analysed 
for total arsenic and selenium in triplicate using graphite furnace atomic absorption 
spectrometry.  
Results and Discussion 
 Mineralogical examination of pulverized rocks 
Mineral analyses of pulverized rocks were previously performed by the West Virginia  
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Step 
 
 
Temperature 
(oC) 
 
Time(s) 
 
Argon gas 
flow 
(L/min) 
 
Stage activity 
 
 1 
 
85 5.0 3.0 Drying 
 2 
 
95 40.0 3.0 Drying 
 
 3 
120 10.0 3.0 Drying 
 
 4 
1000 8.0 3.0 Char/ash 
 
 5 
1000 1.0 3.0 Char/ash 
 
 6 
1000 2.0 0.0 Char/ash 
and signal 
sampling 
 7 2600 0.8 0.0 Atomization  
signal sampling 
 8 2600 2.0 0.0 Atomization  
signal sampling 
 9 2600 2.0 3.0 Tube clean 
 
 
          Table 2: GFAAS program for selenium analysis (Adapted from Varian 55 B  
  spectrometer methods manual)  
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Step 
 
 
Temperature 
(oC) 
 
Time(s) 
 
Argon gas 
flow 
(L/min) 
 
Stage activity 
 
 1 
 
85 5.0 3.0 Drying 
 2 
 
95 40.0 3.0 Drying 
 
 3 
120 10.0 3.0 Drying 
 
 4 
1400 8.0 3.0 Char/ash 
 
 5 
1400 1.0 3.0 Char/ash 
 6 1400 2.0 0.0 Char/ash 
signal sampling 
 7 2600 0.6 0.0 Atomization  
signal sampling 
 8 2600 2.0 0.0 Atomization  
signal sampling 
 9 2600 2.0 3.0 Tube clean 
 
 
 
 
 
     Table 3: GFAAS program for arsenic analysis (Adapted from Varian 55 B   
 spectrometer methods manual)  
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Geological and Economic Survey (WVGES). The results obtained indicated that BT60 
was sandstone, while BT571 and BT700 were claystones. Sample BT60 was comprised 
of 81% SiO2, most of which was present as quartz as shown in Tables 5 and 6. Samples 
BT571 and BT700 had 62.25 % and 63.83 % SiO2 of which about half of BT571 and 
about a third of BT700 was quartz. The two claystone samples contained about six times 
the percentage of illite as that in BT60. There were no significant differences in kaolin 
composition in the three samples as indicated in Table 5. The Fe2O3 and % 14 Ǻ clays 
compositions in BT60 were below 0.01% as shown in Tables 5 and 6. 
Comparison of extraction methods 
  Many of the kinetic batch extraction experiments reported in the literature were 
carried out at aqueous concentrations that are higher than those found in natural 
environments. In these studies, pure solids (e.g. kaolin, silica, illite, iron oxides) were 
equilibrated with organic or inorganic substances of interest to allow adsorption onto the 
solid surfaces prior to performing the desorption experiments. As a result of the 
concentrations used in such adsorption and desorption experiments, kinetic studies are 
limited due to the equilibrium conditions that are quickly established during the onset of 
extractions.89 It is preferable to use continuous flow methods because there is no  
re-adsorption of the materials that were released earlier into the solution.90-95 The initial 
extractions in the batch experiments release most of the metals capable of being 
extracted; therefore during the first extraction, there is a greater chance of establishing 
equilibrium between the adsorbed and free metals in solution. The concentrations 
obtained in this manner cannot be used to describe the kinetics of extraction, but rather 
only describe equilibrium conditions.96 This prompted the use of temperature-jump  
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Parameter Reading 
Power 1200W 
Heating program 15 min ramp to 
190 o C and15 
min hold time at 
190oC 
Time 30 min 
Temperature 190 0C 
Fan Speed 100 
 
   Table 4:  Microwave acid digestion heating program. 
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Sample 
 
Lithology 
% 
Quartz 
% 
Orthoclase
K-
Feldspar 
 
% 
Plagioclase 
(Na/Ca 
Feldspar) 
 
% 
Illite
% 
Kaolinite 
 
% 14 Ǻ 
Clays 
BT60 Sandstone 81.0 3.2 <  0.1 6.8 9.1 < 0.01 
BT571 Claystone 32.1 0.4 0.5 40.1 12.2 14.7 
BT700 Claystone 22.6 0.5 0.9 46.6 7.5 21.9 
 
Table 5: X-ray diffraction results 
Courtesy, West Virginia Geological and Economic Survey (WVGES)7 
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 % 
MnO 
% 
K2O 
% 
SiO2
% 
Al2O3
% 
Fe2O3
% 
Na2O 
% 
MgO 
% 
TiO 
% 
CaO 
BT60 0.01 2.48 81.05 15.28 < .01 0.07 0.48 0.86   0.22 
BT571 0.04 4.91 62.25 23.95    5.17 0.05 2.15 1.34   0.04 
BT700 0.03 5.52 63.83 23.28    4.16 0.19 1.97 1.27 <0.01 
 
 
    Table 6: X-ray fluorescence results 
     Courtesy, West Virginia Geological and Economic Survey (WVGES)7 
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experiments to study the adsorption and desorption kinetics of selenate and selenite at 
goethite surfaces.97 In order to establish that equilibrium was not reached during the first 
5 minutes of ultrasonic extraction, results for 120 minutes of continuous sonication were 
compared with those obtained from the initial 5 minutes of sonication of a 90-minute 
sequential extraction experiment consisting of 5 minute ultrasonic extractions. The 
concentrations of total arsenic and selenium obtained by different extraction methods and 
microwave digestions are summarized in Table 7. 
Although there was a large initial increase for both the arsenic and selenium 
concentration obtained during the first five minutes of the 90-minute sequential 
extraction, there is a statistically significant difference in the values obtained after first 5 
minutes of the 90 minute sequential extraction to the Se concentration that was extracted 
after 120 minutes of continuous sonication (P < 0.11, n = 9). This suggests that the 
concentration of both metals in solution obtained after five minutes of extraction would 
not have reached equilibrium with arsenic and selenium still encapsulated, sorbed or 
remaining within the pulverized rock particles.  
The mass of selenium and arsenic per g sample obtained after 2 hours of 
continuous sonication were smaller than the values obtained by the 90-minute sequential 
sonication. These data indicate equilibration and/or readsorption could have been 
established during the course of the 2-hour extraction. In order to promote the  
non-equilibrium conditions needed for kinetic studies to simulate the flowing stream 
conditions, it was necessary to use the sequential extraction method. Thus the observed 
non-equilibrium conditions at 5 minutes of ultrasonication time at 200W/cm2 of 
ultrasonication power could be described in terms of a slow readsorption process of the 
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released metals compared to a faster desorption rate. These extraction conditions were 
used to simulate the accelerated kinetic release of selenium and arsenic from valley fills 
into streams.  
The amount of arsenic extracted with ultrasound was three orders of magnitude 
greater (µg/g vs. ng/g) than the selenium as shown in Figures 15 and 16. No arsenic was 
previously detected in the stream waters 7, even though the accelerated rate constants 
appeared to be ten times greater than those for selenium (Table 8). This suggests that 
arsenic could be sequestered from the aqueous phase by a different mechanism compared 
to selenium. Quaghebeur 98examined the desorption of arsenic from kaolin using a first 
order two-site model, where the rate constants were determined for the desorption from 
fast and slow sites. The first order rate constant for the fast site ranged from 0.029-0.069 
min -1 depending on pH. 
 The rate constants for arsenic for the three samples in our study ranged from 
0.013-0.050 min-1 as shown in Table 8. The pH for sample solutions of BT571 ranged 
from 6.4-7.8 and from 9.3-9.8 for solutions of BT701. According to Bryant et al7, stream 
water pH from the regions affected by MTR/VF mining activities in southern West 
Virginia ranged from 6.0 -9.0. The pH values obtained for sample solutions ranged from 
6.3 -9.6 and values are close to the ones found by Bryant et al.7 (Figure 17).   
 Sample BT60 was found to have the lowest concentrations of arsenic and 
selenium compared to BT571 and BT700 as shown in Table 7.  Although BT700 had the 
highest total and extractable arsenic and selenium species, the rates of their releases from 
the solid into the solution were smaller than those of BT571 and BT60 as shown in Table 
8. 
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 The rate of release of total arsenic and total selenium did not depend on their 
respective concentrations in rocks but rather on the type of rocks analysed. Although 
sample BT60, a sandstone, contained the lowest amounts of selenium, selenium 
extraction was completed during the first three extractions. Jenkins and Schaer 99 found 
that darker overburden with large amounts of humic and fulvic substances had the highest 
selenium concentrations. Their observations were consistent with our findings in that the 
claystones (BT700 and BT571) were dark in appearance and had the highest amounts of 
selenium and arsenic (Table 7).                 
 Organic acids which originate from dead plants are often incorporated into rocks 
during rock formation. Any selenium that is bound to organic acids can become part of 
the rock and some of this sorbed selenium can become bioavailable as the rocks weather  
100, 101. 
 Effects of ultrasonic power on the speciation studies for Se (IV)/ Se (VI) and 
 As (III)/As (V)  
 
 In order to determine the effects of ultrasonic power on the speciation of arsenic 
and selenium, solutions of As (III)/As (V) and Se (IV)/Se (VI) in a 1:1 ratio were 
separately monitored as a function of ultrasonication time using 200W/cm2 power 
intensity. A fresh 10-ml solution of 5 ng/L arsenic /selenium was sonicated for each of 
the following sonication times (5 min, 10 min, 15 min … up to 2 hours). All experiments 
were done in triplicate.  As illustrated in Figure 18, the As (III) concentration decreased 
by 70% after only five minutes of sonication followed by a slow decrease to reach values 
that are 96 % lower than the initial concentration within a period of two hours. Solutions 
containing 1:1 mixtures of 5, 10 and 15 ng/mL of As (III) and As (V) also showed similar 
trends. Hence, ultrasonication extraction cannot be applied for the speciation studies of
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Total available 
      Selenium 
 
            Total Selenium Extracted 
 
 
Total available 
    Arsenic 
 
 
               Total Arsenic extracted 
 
Sample 
Microwave 
digestion  
 
 
 
ng/g x 10 3
120 min 
continuous 
sonication
 
 
ng/g x 103
Partial 5 
minute of the 
90 minute 
sequential 
sonication 
ng/g x 103
Total 90 
minute 
sequential 
sonication 
 
ng/g x 10 3
Microwave 
digestion 
 
 
 
µg/g  
120 min 
continuous 
sonication 
 
 
µg/g 
Partial 5 
minute of 
the 90 
minute 
sequential 
sonication 
µg/g 
Total 90 
minute 
sequential 
sonication 
 
µg/g 
 
BT60 
 
 
0.093 + 0.004 
    
0.078 + 
0.003 
 
0.0697   + 
0.0003 
 
0.093 + 0.003 
 
5.1  + 0.2 
 
2.2 + 0.1 
 
0.8 + 0.1 
 
4.2 + 0.4 
 
BT571 
 
 
1.088 + 0.002 
  
0.26 + 0.02 
 
0.21+  0.04  
 
0.39 + 0.01 
 
48 + 6 
 
9 + 1 
 
9.1 + 0.7 
 
12 + 1 
 
BT700 
 
 
1.1  + 0.1 
  
0.15 + 0.01 
 
0.10 + 0.01 
 
0.43 + 0.02 
 
62 + 5 
 
15 + 1 
 
5 + 1 
 
28 + 2 
 
 
Table 7: Comparison of extraction techniques 
  
 
 
 
 
Figure 15: Release of total selenium (ppb) as a function of sonication time 
 
 Conditions: Sequential five minute sonications, sonication pulse 40 %, probe  
   diameter 0.3 cm, sonication power 200 watts/cm2, temperature 24 + 
   1oC. 1 g sample in 10 mL nanopure water. 
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 Figure 16: The release of total arsenic (µg /g) as a function of sonication time 
 
 Conditions: Sequential five minute sonications, sonication pulse 40 %, probe  
            diameter 0.3 cm, sonication power 200 watts/cm2, temperature 24 +  
            1oC. 1 g sample in 10 mL nanopure water. 
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      Figure 17: Variation of pH with sonication time 
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 arsenic in rocks. Analysis of the total arsenic in the ultrasonicated solutions revealed no 
arsenic losses. 
On the other hand, the Se (IV) concentration remained constant over the entire 120 
minutes of continuous sonication. No significant changes in total selenium concentration 
were observed after a two-hour continuous sonication of 5, 10 and 15 ng/mL of 1:1 Se (IV)-
Se (VI) mixtures. Hence, Se (IV) solutions are not easily oxidized under the experimental 
conditions used.   
 In the core samples analysed, it appears there are two forms of bound selenium, with 
one weakly sorbed and the other strongly sorbed. The weakly sorbed forms are readily 
available and the strongly sorbed take more time and energy to become bioavailable. This 
information could explain the fact that samples BT571 and BT700 had more selenium 
which was not readily leachable compared to BT60. Peak and Sparks102 found that selenate 
and selenites both bind strongly to iron oxides. The low iron content in BT60 could be a 
possible reason the selenium in BT60 was easily extracted compared to BT571 and BT700 
(Table 8).  Such kinetic information is useful in determining procedures that should be 
undertaken when disposing different types of mining waste. Another complication is that 
the toxicity and bioavailability of the released metalloids depend on chemical speciation 
which suggests the need to differentiate the selenium and arsenic compounds released.  The 
reactivity and toxicity of arsenic and selenium depend on their oxidation states 
 In BT700 most of the extractable selenium is Se (IV) whereas in BT571 the 
predominant form is Se (IV) as shown in Figures 19 and 20. The Se (IV) concentration 
increased in the order BT60< BT571 < BT700. BT60 was collected closer to the surface 
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where conditions are more oxidizing had no detectable Se (IV) concentrations and BT700 
was collected at much lower depth where conditions are more reducing and had the highest 
Se (IV) concentrations. The rate constants for Se (IV) are of the same order of magnitude in 
BT700 and BT571 (Table 9) suggesting that Se (IV) could be associated with same type of 
lithological rock inclusions in different rocks. 
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                         Se 
 
 
                         As 
 
 
Sample 
 
 bRate constant 
    min-1
 
R2 value 
 
bRate constant 
    min-1
 
R2 value 
 
BT60a
 
        - 
 
     -    
 
0.050 + 0.003 
 
0.9404 
 
BT571 
 
0.0089 + 0.0002
 
0.9474 
 
0.013 + 0.003 
 
0.9847 
 
BT700 
 
0.0052 + 0.0001
 
0.9949 
 
0.034 + 0.001 
 
0.9950 
 
 Table 8: Accelerated first order kinetic modeling for the extraction of total Se and  
       total As 
      aNot enough data points were available for total Se kinetic modeling. All      
                 Se was leached out in the first three extractions. 
       bAccelerated extraction rate constant + standard error of the slope 
obtained from First order  model ln (1 -Bt/ B∞)  = - kobserved.t, where Bt is the 
concentration of extracted species at sonication time t and B∞ is the extracted 
species concentration at infinite sonication, kobserved is  the apparent accelerated 
extraction rate constant  
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 Figure 18:  Variation of Se (IV) and the disappearance of As (III) as a function of 
              sonication time 
 Conditions: 10 ml solutions of 5ng/ml of 1:1 Se (IV)/Se (VI) and As (III)/As (V)  
   sonicated at 200W/cm2, continuous sonication, sonication pulse 40%, 
   probe  diameter 0.3 cm, temperature = 24 + 1oC. 
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Figure 19: The release of total Se and Se (IV) from BT571 as function of sonication time 
Conditions: Sequential five minute sonications, sonication pulse 40 %, probe diameter 0.3 
  cm, sonication power 200 watts/cm2, temperature 24 + 1oC. 1 g sample in 10 
  mL nanopure water. 
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Figure 20 : The release of total Se and Se (IV) from BT700 as a function of sonication time 
Conditions: Sequential five minute sonications, sonication pulse 40 %, probe diameter 0.3 
cm, sonication power 200 watts/cm2, temperature 24 + 1oC. 1 g sample in 10 mL nanopure 
water. 
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Sample 
 
Rate constant (min-1) 
 
R2 value 
 
BT571 
 
0.034 + 0.002 
 
0.9837 
 
BT700 
 
0.026 + 0.001 
 
0.9905 
 
     
 
      Table 9: First order kinetic modeling for the release of Se (IV) 
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Summary 
 Ultrasound extraction in nanopure water is a powerful and efficient tool for the 
extraction of metals and organics from soils, sediments, and biological materials. 
Ultrasound dissolution is a useful tool for the kinetic extraction of arsenic and selenium and 
the speciation of selenium from coal-associated rocks.  
 The release of arsenic and selenium from coal-associated rocks depend both on the 
type of rock and the concentrations found in rocks. These metalloids are released at 
different rates indicating that they bound at different sites and by different mechanisms.  
 The extracted arsenic concentrations are 3 orders of magnitude higher than selenium 
concentrations, and the speciation of the extracted selenium is also dependent on the rock 
material.  Additional work must be done to determine the type of binding and the locations 
of arsenic and selenium in these coal-associated rocks as well as the fate of arsenic and 
selenium that have been leached from valley fills.  
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Chapter 3: Sonochemical Extraction of Arsenic and Selenium from Coal 
          Mining Associated Rocks: Estimation of Bioavailable   
          Concentrations. 
Introduction 
Considering the potential toxicity of the selenium and arsenic liberated from the 
waste rocks, it was useful to develop a method that can quickly and efficiently be used to 
analyze for bioavailable selenium and arsenic before the solid waste is deposited in valleys. 
Such an arrangement can then allow suitable waste treatment methodologies to be applied 
before depositing arsenic and selenium laden waste in valleys.  
Experimental 
 Materials and Methods 
 Four pulverized rock samples (WVGES), previously sieved through a 60 µm mesh, 
were each subjected to twelve parallel batch sonicated extractions in nanopure water. Each 
extraction was done in multiples of 5 minutes of continuous sonication up to a period of one 
hour. The mixtures were then centrifuged at 3400g for 20 minutes and then supernatant 
solutions were decanted with a Pasteur pipette and placed in cleaned and previously acid 
soaked 25mL polyethylene vials. Filtration through a 0.45 µm filter paper gave comparable 
results to the ones obtained by centrifugation. The extracts were analyzed for total selenium 
and arsenic by graphite furnace atomic absorption spectrophotometer and Se (IV) by 
hydride generation atomic absorption spectrometry. Total available selenium and arsenic 
were obtained by microwave digestion. 
 Particle size distributions for each sonicated fraction were determined using a 
Shimadzu SALD 3101 laser diffraction particle analyzer after the particles were freeze 
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 dried to preserve their chemical and physical surface characteristics.103 The flow diagram 
for the particle size measurements is shown in Figure 21. A 1 % suspension of each 
pulverized rock sample was placed in the built in sonication bath at 40 W for complete 
dispersion. The suspensions were later allowed to pass through the optical paths of the 
instrument for particle size distribution measurements. 
 Sequential extraction 104, 105 
The procedure used for the sequential extraction (Figure 22) is a modification of the 
Tessier’s method .56 
  (i) Water soluble 
 A 1.0 g sample and 10 mL nanopure water were mixed in a 20-ml polyethylene vial 
on an end over mechanical shaker for two hours spinning at 90 revolutions per minute. The 
mixture was centrifuged for 20 minutes at 3400g. The clear supernatant liquid was siphoned 
with a pasteur pipette without disturbing the settled residue into a cleaned and previously 
acid soaked polyethylene vial.  The residue was washed with 1ml nanopure water and the 
washings were decanted and disregarded. The experiments were done in triplicate. 
 (ii) Exchangeable 
 The residue from the water soluble fraction was transferred quantitatively into a  
20-mL polyethylene vial using 10 mL of 0.1 M Na2PO4- NaHPO4 at pH 7. The mixtures 
were treated the same way as in Step (i) 
 (iii) Base soluble 
 
 Residues from the exchangeable fraction were each transferred quantitatively into a 
20 mL polyethylene vial using 10 mL 0.1 M NaOH. The vials were placed in a water bath 
maintained at 90 o C for two hours followed by centrifugation for 20 minutes at 3400g  
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 Figure 21: Particle size measurement flow process using SALD ( From SALD 3101  
       operation manual )   
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force. The mixtures were then treated the same way as in step (i). 
 (iv) Elemental Se  
 Elemental selenium dissolves in sulfite solutions to form soluble thioselenate. A  
10-mL of aliquot of 0.5 M Na2SO3 (adjusted to pH 7) was used to dissolve elemental 
selenium in the rock residues obtained from the step (iii). The mixtures were sonicated at 
200W/cm2 for twenty minutes, centrifuged and the supernatant liquid was separated and the 
remaining residue was used in the following stage.  
 (v) Acid Soluble 
 The residue from step (iv) was transferred quantitatively into a 20 mL vial using 10 
mL 15 % acetic acid solution. The solutions were allowed to stand for at least fifteen 
minutes until the effervescence had subsided. The vials were then placed on an end–over 
mechanical shaker for two hours to ensure complete dissolution of acid soluble material in 
the sample. The mixtures were centrifuged followed by separating the supernatant. The 
residue was dried at 105o C for 4 hours. The supernatant solution was analysed for arsenic 
and selenium. 
 (vi)  Residual 
 The dried residue from the acid soluble extraction was microwave digested using a 
HF/HNO3/HCl (5: 5: 3) acid combination. This fraction is composed of the inert material 
that is closely associated with siliceous material in rocks. In an attempt to quantitate the 
reducible diselenides the residue reacted with CrCl2 105 (CrCl3 passed through a Jones 
reactor- a column consisting of 2 % Hg and 98 % Zn 106 ) in 5 mL concentrated HCl. The 
mixtures were heated at   90 o C for 2 hours under a stream of N2.  
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 Figure 22: Sequential extraction for selenium 104 
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Results and discussion 
 
 Batch sonicated extracts 
 
 The sonication of 1g samples in 10 mL nanopure water resulted in slow initial 
releases of both arsenic and selenium as shown in Figures 23-25. The concentrations 
peaked at around twenty minutes followed by small decreases thereafter. Continuous 
sonication for 20 minutes was determined to be the optimal time period required for the 
release of selenium (Figures 23 and 24) and 25 minutes (Figure 25) for arsenic. The 
decrease in concentration after 20 minutes is attributed to the resorption of the previously 
desorbed species and agglomeration of fine particles. 107 This resorption is facilitated by the 
formation of smaller particles with a large specific surface area available for adsorption and 
chemisorption of any chemical species. Since selenium and arsenic require different 
sonication times for optimal extraction they may occupy different sites in the rock matrix 
and that arsenic is strongly bound compared to selenium. 
 The lithologies and mineral inclusions for the four samples are shown in Tables 10 and 11.  
All samples had appreciable amounts of Fe2O3 (0.87-4.82 %), Al2O3 (15.70 – 23.55 %), 
K2O (2.47 -5.75%) and MgO (0.43 – 2.28 %) with the sandstone (BT61) having the least 
amounts. MnO ranged from 0.02-0.05 %. The levels of SiO2 were very high 62-79% and 
BT61had the highest value of 79.51 %.  
 BT61 had the highest amount of quartz (75.3 %) compared to shale BT241 , a shale 
that had 54.0 % and the two claystones ( BT572 and BT 701) that varied from 25.2-27.7 %. 
The variation of 14 Ǻ clays was within + 19 % and illite + 35 % with BT61 having the 
smallest amounts. Kaolinite composition in all the four samples were within + 5%. 
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 Particle size  
 
 The particle size distributions of the freeze-dried residues were measured and 
maximum particle disintegrations were observed to occur between 0 and 25 minutes of 
continuous sonication as shown in Figures 26 and 27. It follows that the mean particle size 
decreased and remained almost constant after twenty minutes of continuous sonication 
(Figure 27). It was also noted that between 20-25 minutes of continuous sonication 
coincided with highest amounts of arsenic and selenium that were released (Figure 23-25). 
The ratio between the mean particle size and the modal particle size remained constant 
throughout the sonication process. This could indicate an existence of uniformity in rock 
composition and similar disintegration pattern regardless of particle size. 
 
 Variation of extracting solvent 
 
 The extracting solvents 4M HCl, 0.1 M NaOH and 0.1 M Na2PO4- NaHPO4 pH 7 
were compared by measurement of the concentration of selenium and arsenic released after 
20 and 25 minutes of continuous sonication. These solvents were chosen because they are 
commonly used in the approximation of extractable and bioavailable metals from soils, 
sediment and sludges as outlined in Chapter 1. The Se (IV) concentrations extracted for 
each solvent are shown in Figure 28. The extracts were also analyzed for total selenium and 
total arsenic and the results obtained are shown in Figures 29 and 30, respectively.  
Comparable concentrations of total selenium were extracted using ultrasound assisted 
nanopure water, 4 M HCl and 0.1 M Na2PO4- NaHPO4 pH 7 buffer. 10-80 % more Se (IV) 
and total selenium were extracted using 0.1 M NaOH compared to other extraction media. 
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 % 
MnO 
% 
K2O 
% 
SiO2
% 
Al2O3
% 
Fe2O3
% 
Na2O 
% 
MgO 
% 
TiO 
% 
CaO 
BT61 0.04 2.47 79.51 15.70 0.87 0.07 0.43 1.79 0.23 
BT241 0.02 3.88 70.40 21.41 1.57 0.00 1.48 1.46 0.01 
BT572 0.05 4.36 63.96 22.55 5.56 0.05 2.28 1.35 0.04 
BT701 0.04 5.75 62.26 23.55 4.82 0.19 2.05 1.38 0.09 
 
 
 
      Table 10:  X-ray fluorescence data for the samples 
 
       Courtesy, West Virginia Geological and Economic Survey7 
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Sample 
 
Lithology 
% 
Quartz
 % 
Orthoclase
K-
Feldspar 
 
% 
Plagioclase 
(Ca/Na 
Feldspar) 
 
% 
Illite
% 
Kaolinite 
% 
14 Ǻ 
Clays  
BT61 Sandstone 75.3 4.90 0.00 9.60 9.40 0.9 
BT241 Shale 54.0 1.90 0.90 25.7 10.9 6.70 
BT572 Claystone 27.7 0.80 1.20 34.6 14.5 21.0 
BT701 Claystone 25.2 1.20 1.30 44.9 7.60 19.8 
 
 
 
 
   Table 11: X-ray diffraction data for the samples 
 
    Courtesy, West Virginia Geological and Economic Survey7 
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         Figure 23: Selenium (IV) concentration released in batch sonicated extracts 
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       Figure 24: Total selenium concentration released in batch sonicated extracts 
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      Figure 25: Total arsenic released in batch sonicated extracts 
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Figure 26: Particle size distributions as function of sonication time 
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Figure 27:  Variation of mean particle size with sonication time 
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This observation can be attributed to that fact that high alkaline pHs in NaOH solutions 
have the capacity to dissolve polar organic molecules normally associated with dissolved 
organic matter like humic and fulvic acids that contain appreciable amounts of selenium. 
Total arsenic concentrations in the different ultrasonic extracts did not vary much and were 
all approximately 10% of the total available arsenic as obtained by microwave digestions 
(Figure 30). 
 It appears that not all selenium and arsenic present in rocks is immediately 
bioavailable.  The loosely bound species consisting of those occupying the silicate 
octahedral interlayer spaces and those that are held by electrostatic forces are easily 
released into solution and constitute the environmentally significant fraction. 
 Sequential extractions 
 Results from the sequential extraction method are summarized in Figures 31-33  
Elemental selenium was found to be below the detection limit of 0.5 ng/mL for all samples. 
No significant differences in concentrations were found between the CrCl2 treated and 
untreated residues. Hence it was concluded that there were no measurable diselenide 
concentrations in the rocks analyzed. 
 Total extracted selenium was found mainly in the water soluble, exchangeable, base 
soluble and the residual fractions.  No significant concentration of selenium was found in 
the acid soluble fraction which suggests that selenium compounds in the core samples are 
not associated with carbonate-containing rock species such as siderite, calcium and 
magnesium carbonates. The NaOH soluble fraction in BT701 had the highest selenium 
concentrations compared to the residual fraction in all the clay samples (BT241, BT571 and 
BT701) as shown in Figure 32. This observation suggests that selenium in the BT701 
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sample is closely associated with organic material and that has not yet been mineralized. 
BT 241 and BT 571 had total residual selenium concentrations that are higher than the 
NaOH fractions. Selenite was found to be largely associated with three fractions; water 
soluble, base soluble and residual. Approximately 10 % of the available arsenic was 
released by the combined three extractants; water soluble, base soluble and acid soluble 
with 90 % remaining in the residual matrix. Concentrations of arsenic in the phosphate 
buffer extract were below the detection limit. This provides more evidence to suggest that 
selenium and arsenic occupy different sites in the rocks. 
 Although only 10 % of the arsenic was extractable, the concentrations of arsenic 
found were almost three orders of magnitude greater than selenium concentrations as 
reported in Chapter 2. The acid soluble fraction contained substantial amounts of arsenic as 
shown in Figure 33, which suggests that some arsenic species are associated with carbonate 
containing rock constituents.  
 The distribution of selenium can be explained in terms of inner-sphere and outer-
sphere bonding. The water soluble fraction was considered to contain outer-sphere bonded 
and the base soluble and the exchangeable fractions represent inner-sphere selenium and 
arsenic that are held more tightly to the rock particles by chemical bonding.  It is likely that 
in both scenarios the selenium and arsenic are contained within the interstitial spaces 
between the octahedral and tetrahedral layers of the clay minerals in rocks and that 
selenium and arsenic species occupy different sites. 
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         Figure 28: Selenite (ng/g) extracted after 20 minutes of sonication. 
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    Figure 29: Total selenium extracted after 20 minutes of sonication.       
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     Figure 30: Total arsenic (µg/g) sample extracted after 20 minutes of sonication. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 75
  
 
 
 
 
 
       Figure 31: Sequential extraction of selenite in core samples 
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       Figure 32: Sequential extraction of total selenium in core samples 
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         Figure 33: Sequential extraction of total arsenic in core samples 
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 Comparison of bioavailable fractions determined with sequential and 
 ultrasound extractions 
 
 The comparison between the bioavailable fraction (water soluble + exchangeable + 
base soluble + acid soluble)  and the 20 minutes sonicated extracts for selenite, total 
selenium and 25 minutes sonicated extracts for arsenic are summarized in Figures 34-36. 
By comparing the concentrations obtained by sonication to the bioavailable fraction from 
sequential extraction, it can be clearly seen that the concentrations obtained using the two  
methods are not significantly different with the exception of sample BT701 as shown in 
Figures 35 and 36. The difference can be explained in terms of the contributions from the 
acid soluble fraction which was small for all the other samples. The acid soluble fractions 
could not be extracted by sonication because of the prevailing highly alkaline pH values. 
Further, the pH of MTR/VF associated water ranges from 6.5-9.0 7 which are not acidic 
enough to decompose carbonate containing rock constituents therefore, this fraction is not 
of immediate environmental significance unless there are incidences of acidic drainages. It 
seems plausible that 20 minute sonication extraction and 25 minute sonication extractions 
can be used to estimate the bioavailable selenium and arsenic in the core samples. 
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          Figure 34:  Comparison of bioavailable selenite with ultrasound extraction 
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Figure 35:  Comparison of bioavailable and total arsenic with ultrasound extraction 
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            Figure 36:  Comparison of bioavailable total selenium with ultrasound extraction 
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 Summary 
 
 Ultrasound extraction is a reliable method for the extraction of bioavailable 
selenium and arsenic from coal associated rocks. Nanopure water does not introduce 
anything foreign during extraction. The solution composition will reflect that of the rock 
sample matrix and create pH and redox environments that closely resemble natural aquatic 
systems at the solid /solution interface. Twenty minutes sonication and twenty-five minutes 
sonication in nanopure water at 200W/cm2 are the optimal conditions for the extraction of 
bioavailable arsenic and selenium from pulverized rock samples.  
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Chapter 4: Distribution of Selenium and Arsenic between Water and  
          Sediment Samples 
 
Introduction 
 Weathered rock mineral particles, other inorganic materials and natural organic 
matter in stream and river beds react with selenium and arsenic that has been extracted from 
valley fills. The partitioning of arsenic and selenium between the sediment and water 
columns has been for a long time defined as a critical process that determines the extent of 
sequestration and remobilization at the solid-solution interface.108, 109 Most of the clay 
minerals present on the earth’s surface were formed as a result of weathering of silicate 
minerals, primarily feldspars, micas, pyroxenes and amphiboles. The hydration of feldspar 
in the presence of dissolved carbon dioxide results in the formation of several clays 
minerals that include illite, various 14 Ǻ clays minerals, kaolinite and others.110-112 The 
continued hydration on stream  beds will ultimately result in kaolinization, the formation of 
kaolinitic clays113, and therefore most stream and river beds contain appreciable amounts of  
kaolin.114  The kaolinization reaction can be presented chemically as follows: 
 
2KAlSi3O8 (K-Feldspar) + 2CO2 + 11 H2O ---> Al2Si2O5 (OH) 4 (Kaolinite) + 2K+ + 
4H4SiO4 + 2HCO3-  
The kaolinite produced can participate in the adsorption/sorption115 and subsequent bio-
geochemical transformations of organic, inorganic molecules and ions in the sediments. 
Kaolinite therefore plays a critical role on the loading and releases of metals and nonmetals 
on river beds.116 In order to model the chemistry at the solid solution interface, selenium 
and arsenic standards solutions were mixed with kaolinite, silica gel and humic acid to 
determine the sorption and redox properties. Silica gel was included in the adsorption 
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experiments because some sandy sediments have more silica than kaolinitic clays. Given 
the toxicity associated with arsenic and selenium and the desire to understand the 
mechanisms involved in their releases from sediments, experiments were designed as 
follows: 
(1)  Analysis of river water and sediments collected from the sites previously reported to 
 have high aqueous concentrations of Se by the USEPA in 2000;  
(2)   Suggest reasons for undetectable arsenic concentrations in the water even though 
 kinetic studies in Chapter 2 showed that concentrations of arsenic released from  
 rocks were higher than selenium.  
(3)  To estimate the total bioavailable fractions of arsenic and selenium in sediment 
 using ultrasound extractions.  
(4) To model the sediment-solution interactions at riverbeds using kaolin, silica and  
 humic  acids with selenium and arsenic standards. 
Experimental 
 Sediments and water samples 
 Three water and three sediments samples collected by WVGES in 2001 from the 
Mud River watershed (MT 15 and 18) and Spruce Fork watershed (MT 34B) were found to 
have high aqueous concentrations of selenium.  
 Pretreatment of kaolin and silica gel 
 Silica gel (20 g, Universal scientific Inc.) was soaked for 24 hours in 50 mL of  2M 
HNO3 followed by  24 hours in 50 mL of  2M NaOH. It was washed with nanopure water 
until the filtrate was neutral to a litmus paper, followed by 70 % ethanol and dried at 105 oC 
for four hours before use. Kaolin (20 g, Fisher Scientific) was treated the same as for silica 
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gel followed by washing with nanopure water until the filtrate did not form any precipitate 
with 1M AgNO3. 
 Sorption of selenium and arsenic compounds on kaolin and silica gel  
 Slurries containing of 50 mL of nanopure water and 1g of each of treated silica and 
kaolin were prepared separately. The water-kaolin and water-silica mixtures were allowed 
to equilibrate for 24 hours at room temperature followed by pH (2-8) adjustment using 
dilute NaOH and HNO3. The ionic strength was adjusted to 2mM (as NaCl) with 1M 
NaNO3 using a conductivity meter (HACH sensION5). Standard solutions of Se (IV), Se 
(VI), As (III) and As (V) were individually added into separate containers with treated 
kaolin and silica to result in 50 ng/mL concentration of each standard. The mixtures were 
allowed to equilibrate for 24 hours at 24 + 1 oC followed by centrifugation at 3400 rpm for 
twenty minutes. The supernatant solution was analysed for unsorbed ions using graphite 
furnace atomic absorption spectrometry.  
 Reduction of selenate on kaolin 
 In sorption/redox kinetics experiments, 250 µL of 10 ppm Se (IV) and Se (VI) were 
added to mixtures containing 1 g treated kaolin in 50 ml of nanopure water and 50 ml of 4.4 
mg/L Suwannee River humic acid (HA) (International Humic Substance Society). All 
standards and mixtures were initially purged with N2 gas to remove any interfering oxygen. 
The concentration of selenium (50 ng/ml) and HA(4.4 mg/L) were chosen  because these 
were found to be the highest concentrations of total selenium and total organic carbon in 
southern West Virginia streams.7 The mixtures were equilibrated for 24 hours followed by 
adjusting the pH (4 and 7) and ionic strength (2mM as NaCl) before adding selenium 
standards. Experiments were run in triplicate with an accompanying blank for each.  
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 Se (IV) and Se (VI) concentrations were monitored as a function of time. Aliquots 
of 10 ml were taken for each replicate under a N2 atmosphere and then centrifuged at 3400 
x g for 20 minutes to remove suspended particles. The supernatant solutions were analysed 
to determine the concentrations of unsorbed species by graphite furnace and hydride 
generation atomic absorption spectrometry. HA was analysed by absorbance at 300nm. All 
experiments were carried out at 24 + 1 o C. 
Results and discussion 
 The water samples collected in 2007 from the Mud River watershed (MT 15 and 
MT 18) had lower concentrations of selenium compared to the Spruce fork watershed 
(MT34B) as shown in Table 12 . Selenium concentrations at MT 18 and MT 34B sampling 
locations continue to violate the WV stream standard (5 ng/mL). Selenium concentration at 
MT 15 and MT 18 did decrease from the values obtained in the 2001 study 7 but remained 
almost constant at MT 34B. The weathering of mining waste generated from an active mine 
near MT 34B seems to be continuously supplying selenium to the sampling point. Since no 
arsenic was found in the stream water, it appears that it is removed from the aqueous phase 
and adsorbed/sorbed by sediments.   
 The highest amounts of total arsenic (14.6 µg/g) and selenium (10.7µg/g) in the 
sediment samples were found at MT34B as shown in Table 13. It follows that there should 
be substantial amounts of selenium and arsenic released from the MT 34B sediment using 
ultrasound energy and sequential extraction techniques. The total amount of selenium (577 
.0 ng/g) released via 20 minutes sonication is approximately equal to the selenite (545.8  
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MT 15 
ng/mL Se 
 
MT 18 
ng/mL Se 
 
MT 34B 
ng/mL Se 
 
 
This work ( 2007) 
     
 
2.7 + 0.7 
 
14.9 + 0.9 
 
21 + 2 
 
EPA ( 2000)7 
 
 
12.1 
 
36.8 
 
22.7 
 
 
      Table 12:  Comparison of selenium concentrations in water samples. The arsenic  
  concentrations in all the samples were below the detection limit in both  
              years. 
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Sample 
Total Se by 
microwave  
digestion 
µg/g 
Total As by 
microwave  
digestion 
µg/g 
20 minutes 
sonication  
total Se 
ng/g 
20 minutes 
sonication 
As 
ng/g 
20 minutes 
sonication 
Se(IV) 
ng/g 
 
MT 15 
 
0.75 + 0.08 
 
 
14 + 1 
 
65 + 3 
 
ND 
 
ND 
 
MT18 
 
 
0.62 + 0.03 
 
10.0 + 0.6 
 
41+ 3 
 
 
ND 
 
ND 
 
 
MT34 B 
 
 
10.7 + 0.5 
 
14.6 + 0.5 
 
580 +  10 
 
 
950 + 26 
 
546 + 1 
 
    Table 13: Comparison of total and ultrasound extractable arsenic and selenium in    
                sediment samples. 
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ng/g) concentration in the same extracts (P ≤ 0.01, n = 9). Selenium and arsenic 
concentrations in the MT15 and MT18 sonicated sediment extracts were below detection  
ng/g) concentration in the same extracts. Selenium and arsenic concentrations in the MT15 
and MT18 sonicated sediment extracts were below detection  
limits. Furthermore, MT15 and MT18 sample had low amounts of total selenium 0.75 µg/g 
and 0.62 µg/g, respectively. The total arsenic concentration in MT34 B sediments was 30 % 
and 5 % higher than MT18 and MT15 sediments, respectively. 
 Sequential extraction of selenite in sediments 
 MT 34B had the highest concentration of total extractable selenite as shown in 
Figure 37. Appreciable amounts of selenite were found in the MT 34B water (113.0 ng/g), 
phosphate buffer (391.2 ng/g) and acetic acid (113.0 ng/g) extracts. Selenite concentrations 
in water and phosphate buffer extracts for MT 15 and MT 18 were below the detection 
limit. The NaOH fraction had the highest amounts of extractable selenite species in all three 
sediment samples with the MT 34B having the highest concentration of 6.499 µg/g, which 
is approximately three orders of magnitude greater than the combined selenite in water, 
phosphate buffer and acetic acid extracts.  
 Sequential extraction of total selenium in sediments 
 Extracted total selenium concentrations shown in Figure 38 followed a trend similar 
to the one observed for the selenite, however significant total selenium concentrations were 
found in MT15 (24.21 ng/g in water and 28.48 ng/g in phosphate buffer) and MT 18 (32.41 
ng/g in water and 12.69 ng/g phosphate buffer). The highest concentrations were observed 
in the MT 34B water (257.4 ng/g), phosphate buffer (399.6 ng/g) and NaOH (9.625 µg/g) 
extracts. Selenium concentration in the NaOH extract was found to be more than 1000  
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 Figure 37: Sequential extraction of selenite from sediments on a logarithmic scale 
        (with averaged concentration results). 
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  Figure 38:  Sequential extraction of total selenium from sediments on a   
           logarithmic scale 
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Figure 39: Sequential extraction of arsenic from sediments on a logarithmic scale. 
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   Water samples 
 
          Sediment samples 
 
Sample  
number  
ng/mL 
Selenium 
 
ng/mL 
Arsenic 
 
ng/g 
Selenium 
 
µg/g Arsenic 
1 N.D. N.D. 184 + 7 14.2 + 0.6 
2 N.D. N.D. 102 + 15 11.1 + 0.5 
3 N.D. N.D. 168 + 4 10.4 + 0.3 
4 N.D. N.D. 60 + 4 7.7 +   0.2 
5 N.D. N.D. 149 + 10 14.2 + 0.3 
6 N.D. N.D. 205 + 16 14.1 + 0.8 
 
    Table 14.  Concentration of arsenic and selenium in background water and sediment    
     samples. (N.D. = not detected or < 0.5 ng/mL) 
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times the combined concentration of water and phosphate buffer in the MT 34 B sediment 
extracts. Since the NaOH extract had highest concentration of selenium, it seems likely that 
selenium must be closely associated with organic molecules. 117 High prevalence of selenite 
compared to selenate also suggests that sediments offer reducing conditions for the 
reduction of selenium species into selenites. 
 Sequential extraction of total arsenic in sediments 
 The concentrations of sequentially extracted arsenic are shown in Figure 39. MT 
34B had the highest extractable arsenic, and most of it was in the NaOH fraction. Water and 
phosphate buffer extracts of MT 15 and MT 18 had undetectable amounts of arsenic, while 
the MT 34B had 11.63 ng/g and 11.10 ng/g extracted in water and phosphate buffer, 
respectively. The combined concentration of the two extracts is approximately 1000 times 
less than the total sediment concentration 14.6 + 0.5 µg/g.  
 Background samples 
 All background water samples had both arsenic and selenium concentration below 
the limit of detection (0.5 ng/mL). Table 14 shows that background sediment samples had 
lower concentrations of selenium compared to MT 15, MT 18 and MT34 B (Figures 38). 
Total selenium concentrations were generally 3-10 times lower than concentrations found at 
MT15, MT18 and MT34 B suggesting a contribution from valley fills. 
  Total arsenic concentrations in the background samples ranged from 7.7 to 15.17 
µg/g. Such a wide variance in arsenic concentrations (approximately 50 %), could have 
resulted from different lithologies surrounding the selected sampling locations that contain 
different amounts of arsenic species.  
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 Sorption of arsenic and selenium on kaolin and silica gel 
 
 Results from the silica gel adsorption studies showed that SeO3-2, SeO4-2, AsO3-2, 
and AsO4-2 species have low affinities at pH values ranging from 2-8 except for AsO4-2 
which showed 30 % adsorbed at pH 4. The fraction adsorbed by kaolin versus pH for 
arsenate, arsenite, selenate and selenite is shown in Figure 40. Maximum sorption for all 
species was around 80% but occurred at different pH values. The sorption for selenate 
increased sharply from pH 1 to a maximum of 76 % at pH 2 and then decreased steadily to 
less than 5 % between pH values ranging from 6 to 8. The selenite sorption increased from 
about 35 % at pH 1 to 80 % between pH 3 and 4 and the decreased gradually to around 40 
% between pH 6 and 8. Arsenite sorption started from 20 % between pH values of 1-3 and 
then increased sharply to a maximum 78 % at pH 4 from by an abrupt decrease between pH 
6 and 8 to values less than 5 %. There was a gradual increase in arsenate sorption from 0.4 
% at pH 1 to about 75 % at pH 8.  
 Information obtained from the kaolin and silica gel sorption studies is important in 
determining the extent to which arsenic and selenium can adsorb/sorb onto solid surfaces. 
Considering that kaolin is ubiquitous in river sediments, there is a greater chance of finding 
more Se (VI) and As (III) in river waters at pH > 5 than Se (IV) and As (V) because of their 
low affinities shown in Figure 40. It follows that selenates are more mobile and 
predominant in river systems compared to selenites; however, selenites are more toxic118. 
Recently it was reported that arsenite could be more prevalent in natural waters than 
previously thought because it exists as the neutral H3AsO3.119  The neutrality of the arsenite 
species could be responsible for the low affinity with the kaolin and silica gel at high pH 
values. The results suggests that As (III) is more mobile in reducing aquatic systems 
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compared to As (V).120 In oxidizing environments arsenic species can be oxidized to As (V) 
which has a higher affinity for the sediments and this could explain why arsenic 
concentrations in river waters were below the limit of detection. Such sorption 
characteristics can also be used to study procedures suitable for cleaning up contaminated 
industrial and domestic effluents using silica and kaolin. Silica gel is not a good choice for 
the removing any of the chemical species studied because of poor sorption efficiency. 
Kaolin is a good candidate for the explorations because it has a higher affinity for 
all the selenium and arsenic species studied at different optimal pH values 
 Selenate sorption on kaolin and associated redox kinetics 
  Optimization of humic acid sorption on kaolin 
 The calibration curve for the determination of the absorbance of HA at 300 nm is 
shown in Figure 41 and the results from the preliminary sorption experiments for humic 
acid on kaolin are also shown in Figure 42. The maximum sorption of 90 % occurred at pH 
4 which corresponds to the point zero charge (Pzc) of kaolin.121 The carboxylate, phenolic 
hydroxyl functional groups and other acidic moieties in humic acids are also protonated at 
low pH and therefore most of them are neutral. The high affinity at pH 4 can therefore be 
explained in terms of attractive hydrophobic interactions between the neutral humic acid 
molecules and the neutral surface on kaolin at Pzc. At low pH there is a high density of 
positive charges on the kaolin that hinders the sorption of humic acid.  At high pH the 
humic acids and the kaolinitic surfaces are deprotonated and therefore they both have 
negative charges which introduce electrostatic repulsions that decrease the HA sorption 
affinity on kaolin. It follows that the affinity of kaolin towards humic acids stabilized at 90 
% at pH 4 and at 65 % at pH 7(Figure 43).   
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        Figure 40: Sorption of selenite, selenate, arsenite and arsenate on kaolin as a function    
                           of   pH  
        Conditions: 1 g treated kaolin, Ionic strength = 2mM as NaCl, with 50ng/L arsenite, 
          arsenate, selenate or selenite standards. 
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  Kinetic reductions of selenate on kaolin and humic acids 
 Kinetics experiments for the reduction of selenate with humic acid and kaolin were 
done at pH 4 and 7. HA alone at a concentration of 4.4 mg/L is not effective in reducing  
selenate ions at pH 7, as shown in Figure 44.  A sudden initial increase in selenite 
concentrations reaching a maximum of 2.5 ng/mL after 4 hours followed by a slow 
decrease thereafter was observed for the kaolin-based reactions. The immediate  
disappearance of selenite from solution suggests that selenite species are intermediates that 
are used up or complexed in a follow up reaction. The transient appearance of the Se (IV)  
can be used to confirm the assertions made by Johnson (2004) 122 who suggested that 
Se(VI) is reduced to Se(-II) in a stepwise fashion through Se(IV) and Se(0) intermediates. 
An initial increase in the accumulation of selenite concentration that reached a maximum 
value of 2.0 ng/mL between 1-2 hours at pH 4 as illustrated in Figure 44. The reduction 
reaction is faster at pH 4 than at pH 7 as shown in Figures 44 and 45 respectively. It took 
approximately 4 hours at pH 7 and 2 hours at pH 4 to reach the respective maximum 
concentrations. The follow up disappearance of the transient Se (IV) peak was also faster at  
pH 4 than at pH 7. Thus selenite concentration decreased by almost 25 % within 8 hours 
(from 4 hours to 12 hours of reaction) at pH 7(Figure 44) while at pH 4, the selenite 
concentration decreased by roughly 75 % within a period of 3 hours (from 2 to 5 hrs of 
reaction in Figure 45). Interestingly, even HA alone is capable of reducing Se (VI) to Se 
(IV) at pH 4. It has been reported that compounds with polycarboxylic acids functional 
groups such as ascorbic acid can reduce Se (IV) to Se (0).123 It appears kaolin enhances the 
reduction probably due to the presence of catalytic TiO2 impurities.124 This could be the 
reason why more selenite was produced in kaolin-based experiments compared to HA alone  
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           Figure 41: Calibration curve for the determination of humic acid (HA) 
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Figure 42: Sorption of humic acid on kaolin 
 
Conditions: Ionic strength as 2mM NaCl, 1 g treated kaolin and 4.4 mg/L Humic acid 
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Figure 43: Optimization of the sorption kinetics of humic acid on kaolin 
 
Conditions: Ionic strength as 2 mom NaCl, 1 g treated kaolin and 4.4 mg/L HA. 
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 Figure 44: Reduction of 50 ng/mL Se (VI) to Se (IV) at pH 7 
 Conditions: 1 g treated kaolin, Ionic strength = 2mM as NaCl, with 50ng/L selenate 
           and 4.4 mg/L Humic acid (HA) 
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       Figure 45: Reduction of 50 ng/mL Se (VI) at pH 4 
 
      Condition: 1 g treated kaolin, Ionic strength = 2mM as NaCl, with 50ng/L selenate and     
                         4.4 mg/L HA.  
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at both pH 4 and pH 7.  A combination of humic acid and kaolin was superior in reducing 
selenate to selenite species compared to kaolin alone at both pH values. This could be as a 
result of competitive sorption between humic acid and the produced selenite species onto  
the surfaces of kaolin particles. Such competitive sorption is also responsible for the 
mobilization and reduced affinity of selenium species with kaolin. Hence the reason why 
natural organic matter plays a crucial role in controlling the concentrations of water soluble 
selenium and arsenic125 in the environment. In reactions with kaolin alone the sorption of 
selenite was not hindered resulting in reduced solution selenite concentrations. Reactions 
involving both kaolin and humic acid produced higher aqueous selenite concentrations 
because some of sorption sites on kaolin were occupied by HA and therefore not available 
for selenite adsorption/sorption.  
Quality assurance 
 
 A United States Geological Survey (USGS) Green River certified reference shale 
(SGR-1b) was analysed using both sequential extraction and microwave digestion followed 
by the analysis of the digests. The difference in concentrations between the total combined 
extracts and the microwave digestions are less than 5 % for the total selenium and arsenic 
concentrations. Results from microwave extractions are compared to certified values as 
shown in Table 15.Continuous sonication for 20 minutes in nanopure water resulted in the 
extraction of only the water and phosphate buffer extracts. Se (IV) concentration was 14 + 2 
ng/g and total Se was 59 + 3 ng/g and arsenic concentrations were below the limit of 
detection in these extracts. Results obtained from sonicated extracts are very close to the 
combined water and phosphate buffer extracts as shown in Table 15. 
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 % Recoveries 
 
 About 0.4 g sample of BT 290 sample was spiked with 50µg ( 50µL of 1000 ppm 
standard) arsenic and 1000 ng  (100µL of 10 ppm) selenium , microwave digested as 
described in chapter 2 and then analysed for arsenic and selenium in the resultant 50 mL  
solution. Three spiked samples were run parallel with three unspiked ones. The averaged % 
recoveries are shown in Table 16.  
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Table 15:   Comparison of experimental and certified concentrations of arsenic and selenium in the USGS Green river shale reference  
       material.
 
 
 
 
Water 
soluble 
 
ng/g 
 
Phosphate 
Buffer 
 
ng/g 
 
1 M NaOH 
Soluble 
 
ng/g 
 
Acid 
soluble 
 
 
ng/g 
 
Residual 
 
 
µg/g 
 
Total 
combined 
extracts 
µg/g 
 
Microwave 
extraction 
 
µg/g 
 
Certified 
Values 
 
µg/g 
 
 
 
RSD 
 
Se(IV) 
 
13 + 1 
 
 
N.D. 
 
730 + 138 
 
162 + 3 
 
       - 
 
743 + 138 
 
        - 
 
      - 
 
    - 
 
Total 
Se 
 
60 + 3 
 
N.D. 
 
 
360 + 16 
 
68 + 10 
 
3.3 + 0.4 
 
3.9 + 0.4 
 
3.7 + 0.2 
 
 3.5 
 
6 % 
Total 
As 
 
N.D. 
 
 
N.D. 
 
9741 + 236 
 
269 + 25 
 
57 + 13 
 
67 + 13 
 
70 + 4 
 
67 + 5  
 
4 % 
 
  
 
 
 
 
 
mg/kg in the 
original 
sample 
 
 
    mg/kg 
    added 
 
total mg/kg 
after  
spiking 
 
 
 
% Recoveries 
 
As 
 
 
60 + 3 
 
123 + 3 
 
195 + 5 
 
       106 
 
Se 
 
 
1.9 +  0.1 
 
2.458 + 0.005 
 
4.0 + 0.2 
 
         92  
 
 
 
Table 16:  Recoveries for arsenic and selenium 
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Summary  
 
 The leaching of waste from valley fills contributes selenium and arsenic into main 
waterways. Selenium concentrations in water at MT 18 and MT34 B sampling locations 
continue to violate the WV stream standard.  Selenium concentration at MT15 and MT18 
decreased over a period of seven years but remaining almost constant at MT 34B during 
the same period. The sediment MT 34B had the highest amount of extractable selenium 
and arsenic. The NaOH extract had the most concentrations of both selenium and arsenic 
indicating that these two are closely associated with organic molecules. Most of the 
selenium in MT 34B was selenite. The MT 34B sediment had a muddy appearance 
whereas MT15 and MT 18 sediments appeared to be sandy. The collected background 
water samples did not contain detectable amounts of arsenic and selenium. The 50 % 
variation in arsenic concentration in the background samples could indicate that some of 
these samples were collected in places that were already contaminated with arsenic. 
Oxidation of arsenic species in the generally oxidizing West Virginian streams could 
have resulted in the formation of As (V) that binds strongly to solid surfaces leading to 
the sequestration of arsenate species and low concentrations in water. Background 
sediments samples contained selenium concentrations that were 3-10 times lower than 
those of MT15, MT18 and MT34B. 
 Selenate reduction is dependent on the pH, sediment (kaolin) and presence of 
humic acids. It has been shown that humic acids alone cannot reduce selenate at high pH 
probably due to electrostatic repulsions. However, there is significant reduction at low 
pH. The presence of TiO2 impurities on kaolin provides a catalytic pathway for the 
reduction of selenate. The presence of a Se (IV) transient peak could suggest that the 
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selenate reduction passes through a selenite intermediate. Hence kaolin, a major 
component of river sediment plays a critical role in the sorption, redox conversions and 
the remobilization of selenium species. 
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Chapter 5: Interstitial Location of Selenium and Arsenic in Coal   
  Associated Rocks  
    
Introduction 
 
 As outlined in previous chapters, significant amounts of selenium and arsenic can 
be released from coal mining waste rock. The amounts released are a reflection of how 
the selenium and arsenic are bound to the rock surfaces and this depends on the location 
of arsenic and selenium species in the rock minerals. Hence the sorption and 
mineralization of organic compounds containing arsenic and selenium before the 
lithification process plays a critical role in the localization of these metalloids. Organic 
matter from phytoplankton and other sources has been shown to sorb and be  preserved 
on clay minerals and soils126 and chlorite was found to have the highest adsorption 
partition coefficient compared to montmorillonite and kaolinite.126 Such sorption 
interactions can introduce selenium and arsenic previously complexed by organic 
molecules into the rock lattice for intercalation, preservation and lithification.127 The sites 
for preservation can depend on the affinities and the reactivities126 of different rock 
constituents including  the presence of bio-geochemically active microorganisms.128   
Structures of phyllosilicate clays 129 
 Phyllosilicates are sheet silicate minerals with stacked sheet layers that are either 
1:1 layers (layers composed of a tetrahedral sheet where Si is the cation, associated with 
an octahedral sheet containing Al, Mg, or Fe cations), or 2:1 layers (where the octahedral 
sheet is sandwiched between two tetrahedral sheets).130 The tetrahedral layer consists of 
silica tetrahedra that are connected together by sharing terminal oxygen atoms. The 
octahedra contains six hydroxide moieties surrounding M 3+ (Fe 3+ or Al 3+ in 
dioctahedral lattices) or M2+ (Fe 2+, Al2+, or Mg2+ in trioctahedral lattices) ions. The 
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tetrahedral and octahedral layers can be linked on a 1:1 ratio (one tetrahedral layer –one 
octahedral layer) to form two layered clays or on a 2:1 ratio (tetrahedral–octahedral-
tetrahedral) to form three layered clay structures. This aluminosilicate backbone is most 
common in phyllosilicates. Vermiculite, montmorrillonite, chlorite, illite and kaolinite are 
the most common clays in sedimentary rocks and their structures are shown in Figures 
46-50. 
 Kaolinite  
 Kaolinite (Figure 46) is a group of two layered 1:1 clays that show basal repeat 
unit of 7Å. The kaolinite has a small and inaccessible interlayer spacing between the 
tetrahedral and octahedral layers. The two layers are held together and stabilized by 
pseudo-hydrogen bonding through hydroxide linkages.  
 Illite 
 Illite (Figure 47) is a 2:1 dioctahedral clay mineral that has a repeat unit of 12 Å. 
It has two negatively charged tetrahedral ends that sandwich a K+   layer. The positively 
charged K+ layer “glues” the two negatively charged surfaces by electrostatic attractions. 
Illite is thought to be a weathering product of mica. Mica has about 30 % more K+ ions in 
the interlayer and consequently a smaller repeat unit (10Å) as a result of relatively 
stronger electrostatic attractions.  
 14 Ǻ d Spacing Clays 
  Montmorillonite  
 Montmorrillonite (Figure 48) has reduced concentration of K+ ions in the 
interlayer compared to illite. Because of the loss of K+ ions, the sheets are not strongly 
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6 O-2      -12 
4 Si+4     +16 
4O-2      - 8 
6 OH-      - 6 
6 Fe+2/Mg+2  +12 
6OH-                 - 6 
 
 
Figure 46 :  The structure of kaolinite (with contributing charges on the silicon   
  tetrahedral and the Fe+2/Mg+2 octahedral)131 
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Figure 47:   The structure of illite131  
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Figure 48: The structure of montmorillonite131 
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2 Mg2+, Fe+3    + 4/6 
4 H2O          0 
6 O-2       -12 
4 Si+4, Al+3      +16/12 
 
4 O-2 /2OH-       -10 
4 Mg2+, Fe+3  + 4/6 
4 O-2 /2OH-       -10 
4 Si+4, Al+3      + 16/12 
6 O-2       -12 
 
Figure 49:  The structure of vermiculite131 
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Figure 50:  The chlorite structure131 
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bonded as in illite and therefore allow the entry of water molecules into the interlayer that 
surround the remaining K+ ions. The guest water molecules in the interlayer increase the 
d spacing to 14 Ǻ. The variance in the amount of water that can enter the interlayer is the 
basis behind the expandable nature of montmorillonite. 
  Vermiculite 
 The structure is similar to montmorrillonite in that it has a basal repeat unit of 14 
Ǻ. Vermiculite(Figure 49) is a trioctahedral and instead of having K+ in the interlayer 
position it has hydrated Mg2+/Fe2+ ions. Because the interlayer ions are divalent, the 
structures are held more strongly compared to illite.  
  Chlorite 
 Chlorite (Figure 50) is a 2:1 dioctahedral that has a basal spacing of 14 Å.  It is 
similar to illite but instead of the K+ in the interlayer there is an octahedral brucite (Mg 
(OH) 2) or gibbsite (Al (OH) 3) layer. It is the most thermally and chemically stable 
among all phyllosilicates. The substitution of Mg2+ by Al3+ in the brucite creates positive 
charges in the Mg (OH) 2 that joins together the two adjacent tetrahedral layers by 
electrostatic attractions.  
Principal component analysis 132-137 
 Principal component analysis (PCA) is an unsupervised non-parametric 
multivariate statistical technique that can be used to identify relationships and similarities 
between samples and variables. Principal component analysis is used to reduce data 
dimensionality by identifying similar patterns and variables and introducing new latent 
variables which are linear combinations of the observed or measured variables. This 
allows pattern recognition and the streamlining of large data sets to smaller and easier to 
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handle pieces of information. PCA begins with normalization and standardization of data 
to give appropriate weighting. This transformation converts all sample results into z 
scores. A plot of the z scores between any two data sets will lead to existing or new linear 
relationships/combinations or clustering of data points with similar attributes. The new 
linear combinations are known as principal components (PCs). Placing a meaning on the 
derived PCs or clusters requires a thorough knowledge of the chemistry and the physical 
properties of the samples analysed. Variables are mapped into loadings which are defined 
as their individual contributions to a principal component (PC). The higher the loading 
the stronger is the variable contribution to a PC. A variable can have either a positive or 
negative contribution to a PC which is indicated by the sign on the loading. The 
combined variance of all PCs used should explain at least more than 80 % of the total 
variance observed. However in most situations the first two PCs that explain the largest 
variance are used in the initial screening. The PCs generated are orthogonal to each other. 
In large data sets, a multi-step clustering using PCA is essential to deconvolute and 
streamline data into related sub-components or sub-clusters that can be further 
decomposed by a follow up PCA to identify closely related parameters. The 
superimposition of a Score plot onto a Loading plot is known as a Biplot 138 which 
provides direct details on the relationship between samples and variables. 
Sampling 
 The dominant clay minerals in the coal-associated rocks were kaolinite and illite 
with lesser amounts of 14 Ǻ d spacing clays. At least 10 samples were randomly selected 
containing higher amounts of at least one of the following:  % 14 Ǻ d spacing clays, % 
kaolinite, or % illite. These samples also contained appreciable amounts of quartz, 
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plagioclase and K-feldspar (orthoclase). A total of 48 pulverized samples were selected in 
this procedure. Samples are identified by a number that corresponds to the collection 
depth in feet. 
Experimental 
 Arsenic and selenium were extracted from the samples using the ultrasound 
extraction procedure described in Chapter 3. Averaged results from the analysis of 
extracts using are given in Tables 17 and 18 together with their respective lithologies. 
Mineral and elemental analyses of other samples were also performed (Appendix 1C), 
courtesy of WVGES.  
Results and discussion 
 Primary PCA analysis 
 Application of the principal components analysis using Minitab15.0 (Minitab 
Inc.) generated 18 orthogonal principal components and the first eight explained 94.6 % 
of the variation. All of the 18 principal components and their respective eigenvalues are 
shown on a scree plot in Figure 51. The variable contribution to the first eight PCs and 
their eigenvalues are given in Table 19. The first three PCs (PC 1, PC 2 and PC 3) 
explained 74.0 % of the total variance within all the measured parameters. 
PC 1 largely describes the variation trace elemental composition and PC 2 explains 
lithology properties and PC 3 describes combined selenium variation.  
 The loading plot between PC 1 and PC 2 shown in Figure 52 clusters has four 
distinct groups A, B, C and D. Two clusters (A and B) are made up of two unique 
lithologies of sandstones that are based on the amounts of orthoclase feldspar (KAlSi3O8) 
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Sample a Quartz a K –Feldspar    a Plagioclase a Illite a  Kaolinite      a14Ǻ Clays   bLithology 
number % %  %  % %  %  
 
25 29.9 1.5  1.1  46.1 21.4  0.00 Sandstone 
60 81.0 3.2  0.0  6.80 9.10  0.00 Sandstone 
61 75.3 4.9  0.0  9.60 9.40  0.90 Sandstone 
125 53.8 0.9  1.2  25.3 14.9  4.00 Claystone 
157 70.6 3.9  0.3  10.4 11.8  2.50 Sandstone 
181 44.9 1.2  1.5  37.8 7.50  7.10 Shale 
211 60.9 3.9  0.7  16.9 13.6  3.90 Siltstone 
241 54.0 1.9  0.9  25.7 10.9  6.70 Claystone 
278 68.0 4.6  0.5  11.5 11.0  2.00 Shale 
290 32.6 1.1  1.3  38.4 11.9  14.7 Shale 
299 38.2 1.4  1.6  39.2 11.3  8.40 Shale 
305 47.1 1.0  1.3  29.6 9.00  12.0 Siltstone 
337 74.7 3.8  0.4  8.30 9.90  2.10 Sandstone 
369 14.4 0.0  0.9  60.2 12.3  8.10 Claystone 
372 29.8 1.4  0.8  35.7 11.9  20.4 Shale 
397 66.9 3.6  1.3  14.4 9.70  4.10 Sandstone 
404 39.5 2.4  1.2  23.5 12.3  21.0 Shale 
414 72.1 6.7  0.0  12.0 7.10  2.00 Sandstone 
432 59.7 6.5  0.0  10.8 21.5  1.50 Sandstone 
448 72.6 5.2  0.9  10.8 7.00  2.30 Sandstone 
479 65.3 5.0  0.0  9.10 18.4  1.40 Sandstone 
482 27.1 1.0  1.7  48.6 7.80  8.60 Shale 
486 61.3 2.4  5.6  20.5 5.00  5.20 Sandstone 
505 72.1 3.0  3.4  10.8 7.80  2.30 Sandstone 
519 67.4 4.4  4.0  14.4 6.40  2.50 Sandstone 
571 32.1 0.4  0.5  40.1 12.2  14.7 Claystone 
572 27.7 0.8  1.2  34.6 14.5  21.0 Claystone 
578 33.7 0.8  1.3  26.0 10.5  27.6 Shale 
581 47.4 1.6  0.8  26.6 13.3  10.3 Shale 
639 67.2 2.1  6.9  13.1 8.50  2.20 Sandstone 
677 25.2 0.8  1.0  39.0 9.80  24.2 Shale 
697 32.7 0.8  1.1  26.8 14.1  23.1 Shale 
699 28.8 0.0  1.0  50.3 6.30  13.6 Claystone 
700 22.6 0.5  0.9  46.6 7.50  21.9 Claystone 
701 25.2 1.2  1.3  44.9 7.60  19.8 Claystone 
719 61.7 3.6  8.1  15.4 6.50  4.40 Sandstone 
764 34.2 1.0  2.8  40.6 7.60  13.1 Shale 
769 27.0 1.0  1.2  47.0 9.90  12.5 Shale 
771 50.6 0.8  6.2  22.3 12.4  6.90 Sandstone 
776 30.0 1.0  1.3  44.5 9.50  13.7 Siltstone 
778 31.9 1.2  1.1  43.6 8.90  13.2 Shale 
791 56.0 2.9  0.7  21.7 11.1  7.60 Sandstone 
818 60.4 2.6  8.8  16.4 7.90  4.00 Sandstone 
831 28.5 1.2  0.8  37.7 8.90  23.0 Siltstone 
834 31.1 1.1  3.3  44.3 6.70  13.5 Sandstone 
857 49.5 1.3  7.7  22.3 12.9  6.30 Sandstone 
881 28.8 0.5  0.9  41.0 13.9  14.8 Shale 
   
 
Table 17: aX- ray diffraction and b microscopy results, courtesy WVGES 7. 
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Sample   c K2O  c SiO2    cAl2O3   cFe2O3    c Na2O   c MgO  c TiO2  c CaO   c P2O5   d Total Se d Total As    d Se (IV) 
number   % % % % % % % % % ng/g ng/g ng/g 
25 5.75 63.87 26.68 0.83 0.22 1.02 1.54 0.22 0.08 10.30 6296 6.67 
60 2.48 81.05 15.28 0.00 0.07 0.48 0.86 0.22 0.10 93.20 4200 0.00 
61 2.47 79.51 15.70 0.87 0.07 0.43 0.79 0.23 0.12 17.20 2900 4.52 
125 3.14 71.03 24.02 0.00 0.00 0.86 1.41 0.00 0.07 35.93 6017 0.00 
157 2.59 79.66 17.50 0.00 0.00 0.66 0.37 0.00 0.10 3.900 2550 1.43 
181 4.97 68.08 22.16 2.10 0.01 1.61 1.23 0.03 0.07 1.490 6909 0.00 
211 3.59 73.34 20.03 1.28 0.00 1.06 0.88 0.04 0.12 34.33 2722 1.48 
241 3.88 70.40 21.41 1.57 0.00 1.48 1.46 0.01 0.09 168.7 6676 64.0 
278 4.72 64.12 21.90 6.02 0.01 1.82 1.29 0.14 0.13 26.00 2471 4.12 
290 5.13 62.85 23.66 4.91 0.12 2.18 1.16 0.09 0.12 47.53 3887 1.90 
299 5.44 65.29 25.14 1.44 0.07 1.33 1.29 0.00 0.07 63.07 7510 0.00 
305 4.19 68.55 21.24 3.01 0.00 1.75 1.32 0.03 0.11 8.270 5329 7.72 
337 2.69 79.48 16.37 0.63 0.00 0.78 0.14 0.26 0.10 44.20 2677 24.0 
369 6.10 54.00 24.36 11.8 0.02 1.86 1.49 0.28 0.13 134.8 7305 21.5 
372 4.84 64.71 22.00 4.75 0.00 2.36 1.44 0.05 0.09 63.33 5702 1.96 
397 3.17 75.03 19.76 0.00 0.00 0.95 1.40 0.05 0.13 47.25 2262 1.60 
404 4.90 64.84 22.50 4.55 0.00 1.99 1.28 0.04 0.11 58.07 3812 0.00 
414 3.32 80.45 16.90 0.00 0.00 0.57 0.32 0.00 0.11 63.97 3506 0.00 
432 3.16 76.11 19.00 0.44 0.00 0.62 0.44 0.52 0.10 25.60 1949 0.00 
448 3.02 76.73 14.73 2.70 0.00 1.22 0.59 1.22 0.12 17.05 3178 0.00 
479 2.67 79.12 17.13 0.72 0.00 0.56 0.03 0.16 0.10 23.20 1958 0.00 
482 5.75 56.77 18.68 15.1 0.01 2.33 0.89 0.43 0.13 8.450 6457 5.30 
486 3.49 73.69 18.22 1.03 0.94 1.25 1.33 0.13 0.17 5.700 3625 1.13 
505 2.81 78.26 15.43 1.04 0.63 0.91 0.50 0.57 0.11 10.10 2895 0.95 
519 3.03 76.27 16.20 1.67 0.72 1.06 0.82 0.36 0.13 5.200 4189 0.90 
571 4.91 62.25 23.95 5.17 0.05 2.15 1.34 0.04 0.08 387.0 5800 0.00 
572 4.36 63.96 22.55 5.56 0.05 2.28 1.35 0.04 0.10 236.6 4210 82.1 
578 4.63 63.23 22.49 5.80 0.07 2.32 1.46 0.07 0.12 10.20 4236 6.40 
581 3.28 65.07 19.88 8.53 0.00 1.73 1.23 0.21 0.16 5.900 2330 1.90 
639 2.73 76.45 16.40 1.45 1.48 0.94 0.39 0.30 0.12 3.600 5267 0.90 
677 5.12 62.13 22.13 6.57 0.10 2.42 1.43 0.00 0.09 15.70 5036 10.4 
697 4.60 60.77 22.12 7.98 0.06 2.22 1.52 0.11 0.13 66.60 2790 9.85 
699 5.98 62.24 24.31 4.14 0.22 1.99 1.37 0.00 0.06 121.9 6392 115 
700 5.52 63.83 23.28 4.16 0.19 1.97 1.27 0.00 0.06 228.8 6572 92.8 
701 5.73 62.37 23.41 5.02 0.25 2.12 1.24 0.00 0.07 239.0 5294 122 
719 3.09 75.01 16.75 1.37 1.67 1.13 0.68 0.43 0.13 7.270 3385 6.23 
764 4.57 62.83 20.77 7.07 0.56 2.28 1.35 0.26 0.15 12.90 6469 10.3 
769 5.12 58.73 21.34 10.0 0.19 2.51 1.44 0.58 0.16 21.30 7320 18.4 
771 2.75 68.08 18.93 5.46 1.13 1.76 1.15 0.73 0.18 10.30 4331 8.43 
776 4.68 60.93 22.07 7.64 0.23 2.33 1.59 0.45 0.17 18.03 4296 15.3 
778 4.97 61.54 21.15 8.19 0.10 2.34 1.35 0.33 0.15 19.43 6234 19.2 
791 3.62 70.49 20.81 1.98 0.02 1.48 1.50 0.14 0.21 15.37 3560 9.13 
818 3.01 72.90 17.93 2.36 1.77 1.20 0.61 0.33 0.13 13.93 3807 9.90 
831 4.75 64.03 21.90 5.35 0.15 2.23 1.57 0.07 0.15 15.67 4783 15.1 
834 4.76 61.21 20.89 8.44 0.52 2.28 1.57 0.29 0.16 18.60 6552 13.9 
857 2.93 68.34 19.98 4.69 0.78 1.51 0.92 0.92 0.13 17.00 5292 9.63 
881 4.13 60.85 22.16 8.28 0.48 2.28 1.43 0.42 0.13 25.97 5328 3.46 
 
  
 
Table 18: c X-ray fluorescence (courtesy, WVGES 7) and d Atomic absorption spectrometry   
       data.  
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Variable        PC1     PC2     PC3     PC4     PC5     PC6     PC7     PC8 
 
Quartz       -0.329   0.046  -0.031  -0.066   0.084   0.108   0.137  -0.078 
K -Feldspar  -0.289   0.141   0.104  -0.165  -0.119   0.049   0.010   0.376 
Plagioclase  -0.078  -0.443  -0.344   0.264   0.122  -0.218  -0.083   0.082 
Illite        0.320  -0.051  -0.028   0.111  -0.139   0.181   0.053   0.170 
Kaolinite    -0.001   0.218   0.376   0.500  -0.241  -0.549   0.037   0.033 
Chlorite      0.265  -0.000   0.004  -0.308   0.228  -0.327  -0.403  -0.339 
% K2O         0.311   0.066   0.001   0.033  -0.060   0.187  -0.100   0.401 
% SiO2       -0.323   0.119  -0.123  -0.024   0.085   0.044   0.016  -0.175 
% Al2O3       0.289   0.152   0.059   0.327   0.145  -0.117   0.156   0.087 
% Fe2O3       0.241  -0.253   0.206  -0.233  -0.294   0.021  -0.167   0.234 
% Na2O       -0.091  -0.419  -0.376   0.222   0.121  -0.238  -0.080   0.225 
% MgO         0.299  -0.176   0.079  -0.232   0.029  -0.112  -0.168  -0.106 
% TiO2        0.275  -0.050   0.125   0.053   0.352   0.010   0.497  -0.295 
% CaO        -0.101  -0.363   0.085   0.015  -0.663  -0.026   0.124  -0.426 
% P2O5       -0.037  -0.423   0.312  -0.261   0.163  -0.097   0.514   0.206 
Total Se      0.146   0.270  -0.395  -0.197  -0.228  -0.271   0.202  -0.065 
Total As      0.239  -0.071  -0.208   0.320  -0.114   0.502   0.054  -0.222 
Se(IV)        0.157   0.167  -0.447  -0.252  -0.214  -0.206   0.375   0.145 
 
Eigenvalue   8.6095  2.8593  1.8580  1.1147  0.9099  0.8283  0.4919  0.3583 
Proportion   0.478   0.159   0.103   0.062   0.051   0.046   0.027   0.020 
Cumulative   0.478   0.637   0.740   0.802   0.853   0.899   0.926   0.946 
 
 
 
Table 19: Variable loadings to the first eight PCs and their respective eigenvalues. 
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Figure 51: A scree plot showing all the PCs and their corresponding eigenvalues. 
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and plagioclase feldspar (Albite and Anorthite). Anorthite (CaAl2Si2O8) and albite 
(NaAlSi3O8) are Ca and Na plagioclases.139  Cluster A sandstones contain orthoclase (K-
feldspar) and quartz while cluster B sandstones are associated with plagioclase (Na/Ca 
feldspar). The two clusters (A and B), composed of different mineral compositions, both 
originated from sandstones. Figures 53 (2-dimensional score plot) and 54 (biplot) clearly 
show the distinct sandstone clusters.  
 Samples 60, 61, 157, 337, 414, 432 and 479 belong to the orthoclase derived 
sandstone cluster while 448, 486, 505, 519, 639, 719, 771 and 791 belong to the 
plagioclase derived sandstone cluster. It appears that there is a transition from orthoclase 
feldspar to plagioclase feldspar as the rocks are exposed to the earth’s surface. Orthoclase 
derived sandstone samples were collected at depths closer to the surface whereas 
plagioclase sandstones were collected at depths of approximately 400 feet 
and lower. Generally, the sandstones have low amounts of both arsenic and selenium as 
shown in Table 18; however, selenium is released at faster rates from sandstones than 
claystones (Chapter 2). Although the concentration of selenium is low in sandstones, it is 
the most bioavailable (Chapter 2). 
 In Figure 52, cluster C is comprised of the solitary kaolinite, cluster D consists of 
illite, 14 Ǻ d spacing clays , arsenic, selenite and total selenium including oxides of Al, 
Ti, K, Fe and Mg.  The information suggests that most elements (exception of Ca, P, Na 
and partly K) are all associated with 14 Ǻ d spacing clays and illite. As shown in Figures 
52-54, claystones, shales and siltstones are all associated with 14 Ǻ d spacing clays and 
illite and to a lesser extent kaolinite. Samples 571, 572, 699, 700 and 701 are claystones 
and had the highest amounts of selenium and 14 Ǻ d spacing clays as shown in Tables 17  
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Figure 52:  Variable loading plot for PC 1 vs. PC 2. 
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Figure 53: A two dimensional sample score plot (total PC variance 63.7 %) 
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Figure 54:  A biplot showing the relationship between objects (samples) and variable     
                     loadings 
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Figure 55: A three dimensional score plot (total PC variance 74.0%) 
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and 18. These five samples belong to one cluster as illustrated in Figures 52-54. The 
remainder of the claystones is included together with shales and siltstones in cluster B. 
The claystones, siltstones and shales generally have more selenium and arsenic compared 
to sandstones. A three-dimensional plot of PC 1, PC 2 and PC 3 shown in Figure 55, 
further accentuates the differences between rock samples. 
 Secondary PCA analysis 
 The data identified clay minerals and elements Al, Ti, K, Fe and Mg correlated 
closely with both selenium and arsenic concentrations because they all appeared in one 
cluster as shown in Figure 56. In order to identify the relationships between clay minerals 
with arsenic and selenium, a secondary principal component analysis was performed on 
the most important variables: illite, 14 Ǻ d spacing clays, kaolinite, selenium and arsenic. 
Before the application of a secondary PCA, the individual 14 Ǻ d spacing clays, kaolinite 
and illite concentrations were transformed into fractions that indicate their contribution to 
the total clay content (% illite + % kaolinite + % 14 Ǻ d spacing clays) in each sample.  
The kaolinite fraction was mapped into % kaolinite/ (total clay content) in all samples. 
The % illite and % 14 Ǻ d spacing clays were also converted into their fractional 
contribution to the total clay content. The loading plot of the secondary PCA is shown in 
Figure 56 and the remainder of the results are given in Appendix 1D.  
 PC1a describes illite composition and PC 2a represents 14 Ǻ d spacing clays 
composition. As shown in Figure 56 the 14 Ǻ d spacing clays fractional component 
clustered together with selenium concentrations whereas the arsenic concentration 
clustered with the illite clay component. Kaolinite was negatively correlated with either 
arsenic or selenium concentrations as shown by the euclidean obtuse angles separating 
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them. Therefore, kaolinite is not considered to be a critical clay component in rock 
minerals when considering selenium and arsenic pollution because no positive correlation 
was found between kaolinite and  either selenium or arsenic (or other elements as shown 
in Figures 52-54). 
 Scatter and Contour plots 
 
 Pearson correlations are applicable to normally distributed data where there is a 
linear relationship between variables. 140 The data were initially standardized to ascertain 
normal distribution before the calculation of correlation coefficients.  
  Correlations with selenium 
 Although there is a non-linear global relationship between selenium and 14 Ǻ d 
spacing clays as shown in Figures 56-57, it appears that the distribution of selenium in 14 
Ǻ d spacing clays is dependent on rock lithology. As shown in Figure 57, the correlation 
coefficient between selenium and 14 Ǻ d spacing clays in claystones (r = 0.84, p < 0.01, n 
= 7) was the highest compared to shales (r = 0.64, p < 0.05, n = 18), sandstones  ( r = 
0.56, p < 0.01, n = 19 ) and siltstones( r = 0.76 , p < 0.24 , n =  4). The contour plot 
between selenite, selenate and 14 Ǻ clays shown in Figure 58 suggested that samples 
with relatively higher concentrations of selenium also have higher concentrations of 14Ǻ 
clays. Negative correlation coefficients were obtained for selenium-plagioclase (r = - 
0.11, p ≤ 0.13, n = 48) and selenium-orthoclase (r = -0.33, p ≤ 0.02, n = 48).  The 
correlation coefficients given in the scatter plot shown in Figure 59 for selenium and 
kaolinite were in claystones (r = -0.56, p < 0.01, n = 7), shales (r = -0.21, p < 0.01, n = 
18), sandstones (r = -0.58, p < 0.01, n = 19) and siltstones(r = -0.89, p < 0.24, n = 4). 
Overally there was a global negative correlation coefficient between selenium and  
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Figure 56: Secondary PCA loading plot for mineral inclusions 
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Figure 57: A two dimensional scatter plot between standardized values for ng/g selenium 
        and 14-Ǻ-d-spacing clay concentrations 
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Figure 58: A contour plot between total selenium, selenite and 14 Ǻ d spacing clay  
       concentrations. 
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Corr Coefficients 
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Figure 59: A two dimensional scatter plot between standardized values for ng/g selenium 
        and % kaolinite. 
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Figure 60: A two dimensional scatter plot between standardized values for ng/g arsenic  
        and % illite 
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Figure 61: A two dimensional scatter plot between standardized values for ng/g arsenic        
        and % plagioclase 
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Figure 62: A two dimensional scatter plot between standardized values for ng/g arsenic     
        and % kaolinite 
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kaolinite. 
 Total selenium concentrations had the following moderate correlations with K2O 
(r = 0.379, p ≤ 0.009, n = 48), Al2O3 (r = 0.370, p ≤ 0.011, n = 48), MgO (r = 0.231, p ≤ 
0.118, n = 48), TiO2(r = 0.187, p ≤ 0.209, n = 48), As (0.290, p ≤ 0.048, n = 48) and 
Fe2O3 (r = 0.067, p ≤ 0.05, n = 48). The very low positive correlation coefficient  
between Fe2O3 and total selenium indicate remote chances on the presence of ferrosellite 
( FeSe2) as reported to be the major selenite constituent in the US western phosphate 
rocks .137 Other workers have identified no correlation between sulfur and selenium141 
giving more evidence that selenium is not associated with Fe in  pyrite or pyrrohotite. 
The negative correlations between total selenium with kaolinite, quartz, orthoclase and 
plagioclase indicate the absence of selenium in these rocks.  
  Correlations with arsenic    
 Positive correlations for arsenic with illite (r = 0.80, p ≤ 0.01, n = 48) and with 14 
Ǻ d spacing clays (r = 0.306, p ≤ 0.036, n = 48) were obtained as shown in Figure 60. 
Arsenic from plagioclase-derived minerals had higher correlation with plagioclase(r = 
0.79, p ≤ 0.01, n = 11) compared to non-plagioclase derived minerals (r = 0.52, p ≤ 0.02, 
n = 37) as shown in Figure 61. Arsenic concentrations had  negative correlations with 
kaolinite (r = -0.191, p ≤ 0.20, n = 48), as shown in Figure 62, and with orthoclase (r = - 
0.70, p ≤ 0.01, n = 48).There were moderate correlations with MgO (r = 0.497, p ≤ 0.001, 
n = 48), Fe2O3 (r = 0.410, p ≤ 0.001, n = 48), Al2O3 (r = 0.571 p ≤ 0.001, n = 48), K2O (r 
= 0.661, p ≤ 0.001, n = 48) and TiO2 (r = 0.530, p ≤ 0.001, n = 48). 
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Location of selenium and arsenic in the mineral lattice 
 
 Interlayer position 
 
 The presence of trace elements in clay minerals depends on the nature and type of 
clay. Illite and 14 Ǻ d spacing clays have been shown to have most of the selenium and 
arsenic compared to kaolinite. Kaolinite had negative correlations with claystone-
selenium. As outlined in the previous section, positive correlations existed for 14 Ǻ d 
spacing clays and illite. The data suggest that kaolinite does not contain much selenium 
and arsenic compared to illite and 14 Ǻ d spacing clays; in fact, the negative correlation 
implies an inverse relationship.  
 The presence of selenium and arsenic in illite and 14 Ǻ d spacing clays implies 
that there could be a link between the microscopic structure of clays and elemental 
concentration. Kaolinite does not have an accessible interlayer but such an interlayer is 
present in illite and the 14 Ǻ d spacing clays.  
 The presence of accessible interlayer in illite and 14 Ǻ d spacing clays is a clear 
distinguishing factor between the two classes of clays (1:1 and 2:1 types). This 
information points to the fact that arsenic and selenium could reside in the interlayer 
region of the illite and 14 Ǻ d spacing clays. Organic molecules containing arsenic and 
selenium could have been incorporated into the interlayer before lithification. It has been 
reported that dissolved organic molecules142 can sorb on the clay minerals and 
subsequently enter the interlayer spacing 143, 144 where intercalation and lithification can 
occur.  
 
 
 140
  Ionic substitution  
 The ionic radii for K+, Al3+ and Mg2 + and Ti 4+ in crystal environments are 152, 
67.5 and 0.745 pm respectively. 145  The crystal radii for Fe2+ and Fe3+ are 0.75 and  0.69 
pm for low spin and 0.92 and 0.79 pm in high spin environments 145, respectively. The 
crystal radii for selenium ions in are 184, 64 and 56 pm for Se (-II), Se (IV) and Se (VI) 
in solid states. Also the crystal radii for As (III) and As (V) are 72 and 60 pm 
respectively145. Ions with similar charge and are about 15 % of their size can replace one 
another through isomorphous substitution/inclusion  (Goldschmidt rules of substitution 
129).  
  Substitution in the interlayer 
 Thus the ions K+, Al 3+ and Mg 2+ in clays can be replaced by other ions of  
comparable size and charge without distorting the crystal lattice. Therefore selenium  
ions could have been used in place of, or combined with Al3+ and Mg2+ during the 
formation of brucite and gibbsite in chlorite and in the uptake of Mg2+ in vermiculite 
because the ionic sizes of Al 3+ and Mg 2+ are close to those of Se (IV) and Se (VI). The 
radii for As (III) and As (V) are about 50 % smaller than the size of K+ in illite even 
though there was a close correlation between arsenic and illite.  
  Substitution in the octahedral layers 
 The ions Al3+, Mg2 +, Ti 4+, Fe2+ and Fe3+ found in the octahedral layer have ionic 
sizes that are within 15 % the sizes of As (III), As (V), Se(IV) and Se(VI). Figure 62 
shows two separate correlations between plagioclase and arsenic concentrations. The 
plagioclase derived sandstones had higher correlation (r = 0.79, p ≤ 0.01, n =   11) 
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with arsenic compared to the remainder of the samples(r = 0.52, p ≤ 0.03, n = 37). This 
observation can be used to explain the observed high concentrations of arsenic in 
sandstones. 
 Thus As (III) and As (V) could have been included in the octahedral layer in place 
of the naturally present Al3+, Mg2 +, Ti 4+, Fe2+ and Fe3+ ions. Both selenium and arsenic 
ions can also occupy the vacant positions dioctahedral positions.  
 Summary  
 
 A two step principal component analysis is a powerful technique that 
orthogonally decomposes data matrix to quickly identify clustering of samples and 
variables that are closely related. Although kaolinitic clays are major constituents of river 
sediments with substantially high adsorption capacities, they do not constitute the most 
important clay fractions that harbor selenium and arsenic in rocks. The same applies for 
quartz and K-feldspars which correlated negatively with arsenic and selenium. On the 
other hand, plagioclase had a relatively high correlation with arsenic and this observation 
could be the reason why there were relatively high concentrations of arsenic in 
sandstones compared to selenium. The high correlation between illite and arsenic 
suggested that there are substantial amounts of arsenic that could be located in either the 
interlayer or the octahedral lattice. The illite and 14 Ǻ d spacing clays are major 
constituents of claystones, shales and siltstones. The information obtained indicate that 
the interlayer in 14 Ǻ d spacing clays and illite could contain significant concentrations of 
selenium and arsenic, respectively.  The entry of these elements in the interlayer could 
have occurred during intercalation and lithification stages. The low linear correlation 
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coefficient between selenium and 14 Ǻ d spacing clays and the other elements is 
indicative of nonlinear relationship between selenium and 14 Ǻ d spacing clays.  
 Above all the dissolution/weathering of 14 Ǻ d spacing clays is responsible for 
the accumulation of selenium in rivers and streams associated with MTR/VF mining. 
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Future studies 
 
 There is need to use the stream water to study the ultrasound extraction kinetics of 
both selenium and arsenic. Affected streams both in flowing and stagnant water 
environments should be monitoring at least twice a year. 
 The sorption and redox kinetics on pure substances in the presence of humic acids 
need to be extended over to other clays such as montmorrillonite, chlorites, illites and 
other types of clays. The surface chemistry of the reacting species can be followed and 
studied by surface characterization techniques such as Electron Spectrometry for 
Chemical Analysis (ESCA). 
 More work is required on the speciation of arsenic using sequential extractions or 
ICP-MS techniques and the measurement of total organic carbon in both rocks and 
sediments. 
 There is need to create a database of all the core samples and then apply 
chemometrics to different lithologies in order to get direct correlations between large data 
sets of selenium in clays. This in turn can be used to identify the exact location of 
selenium and arsenic in the clays using a multitude of surface techniques such as ESCA, 
SIMS (secondary ion mass spectrometry) and AES (Auger electron spectroscopy). 
. 
 
  
 
 
 
 
 144
Appendix 1A 
 
Derivation of the differential first order kinetic equation 
 
  k1 
A sorbed                         B solution …………………………………………....…………..3 
  k2 
  
 Where A is the concentration of species sorbed or encapsulated in the rock 
particulate matter. B is the concentration of extracted/released species at time t. k1 and k2 
are the first order reaction constants for the forward (release) and backward (sorption) 
reactions.   The rate law for extracted species is 
dB/dt =  k2B – k1A…………..……………………………………………………………4 
From reaction stoichiometry                    
  Ao + Bo = A + B   ……………………………………………………...………………...5 
Where Ao and Bo are initial concentrations before extraction  
On rearranging equation 5 to A = Ao + Bo - B and substituting for A in 4  
dB/dt =  k2B – k1 (Ao + Bo - B )………………………………………………….……….6 
Rearranging equation 6 
dB/dt  = B ( k1 + k2) – k1 (Ao + Bo)………….……………………………………………7 
At equilibrium   dB/dt = 0, B = B∞
Therefore equation 7 becomes 
0 = B∞ (k1 + k2) – k1 (Ao + Bo)……………….……………………...……………………8 
Hence k1 (Ao + Bo) = B∞ (k1 + k2)………………………………..……………………….9 
Substituting for k1 (Ao + Bo)   into equation 7 
dB/dt  = B ( k1 + k2) – B∞ (k1 + k2)……………………………….…..…………….10 
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Rearranging equation 10 
-dB/dt = (B∞ - B) (k1 + k2) ………………………….…………………………………..11 
Upon integrating the first order differential equation (11) using the boundary t = 0 and t = 
t. 
   
 dB     .    =      - (k1 + k2) dt ………………………………...…………………………..12 
(B∞  - B) 
 
 
ln     B∞ - Bt                =     - (k1 + k2)t……………………………………..…………….13 
        B∞  - Bo  
 
 
Since Bo is negligible (amount extracted at time t = 0), we can write 
Bo - B∞  ≈ - B∞  and therefore equation 13 becomes 
 ln(1- Bt/ B∞) =  - (k1 + k2)t ……...………………………………………………..…….14 
In general, the first order kinetic equation can be written as follows 
 
 ln(1- Bt/ B∞) =  - k (observed). t …………………………………………………..…….15 
 With respect to the build up of concentration of the desorbed species B, k1 is a 
negative slope and k2 is a positive slope. Equation 14 clearly shows that there are two 
competing rate constants that bring about change in the sorption/desorption kinetics 
because k observed  = k1 + k2 . Hence the overall observed reaction constant, k observed for 
the reaction is the difference of the two opposing rate constants. For desorption to occur, 
the condition k2 >> k1 is imperative otherwise sorption will become dominant. 
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Appendix 1 B : Approximation of B∞  using the Kezdy- Swinebourne method 30 
From the 1 st order kinetic equation above 
ln(1- Bt/ B∞) =  - k (observed).t …………………………………………………………15 
After an appropriate temporal variation x from time t, (x was determined to be 40 
minutes, which represents the time at which more the 75 % of the As and Se was leached 
out from the pulverized rock) the concentration of released species is Bt + x. It is 
recommended that x should 2~3 times the half-life of the total extraction procedure. 
Hence the first order kinetic equation for the time t + x becomes 
ln(1- Bt + x/ B∞) =  - k (observed).( t + x)………………...………………………………….16 
Invoking exp function on both sides of equations 15 and 16 we obtain, 
1- Bt/ B∞ = exp (- kt)……………………………..……….……………………………..17 
1- Bt + x/ B∞  = exp [- k (t + x)]……………………………..……………………………18 
Rearranging equations 17 and 18 
Bt - B∞   = - B∞ exp (- kt) …………………………...……………………………………19 
Bt + x - B∞ = - B∞ exp [- k (t + x)] ……………………..…………………………………20
Dividing equation 19 by 20 
Bt - B∞      =     B∞ exp (- kt)  
Bt + x - B∞        B∞ exp [- k (t + x)]  ………………………………………………………..21 
Simplifies to 
Bt - B∞      =     exp (kx)  ………………………………………………………………..….22
Bt + x - B∞        
Solving for Bt 
Bt   =   B∞[ exp (kx) -1]  + Bt + x exp (kx)  ………………………………………………23 
A plot of Bt vs. Bt + x gives a linear plot with a slope equal to exp (kx). Since at the end  
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point  Bt = Bt + x = B∞ , the intersection of the line through the data points with 45 o line 
 ( y = x) gives the value of B∞ . Hence the value of B∞ can be extrapolated from the 
graph.  
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Appendix 1 C 
X ray diffraction analysis of rocks 
1. Run sample and obtain a diffractogram,  
2. The presence of a 10 Å peak indicates the presence of illite 
3. The presence of a 7 Å peak without a 14 Å peak indicates the presence of 
 Kaolinite. However having a 7 Å peak together with a 14 Å peak does not 
 necessarily mean the presence of Kaolinite because the 7 Å peak could result 
 from second order diffraction lines( n = 2  in the Bragg diffraction equation). 
 Some further sample  treatment are required to ascertain the presence of Kaolin. 
4. Glycolation: Glycolation is used to identify the presence of montmorillonite and 
 it involves the treatment of the sample with ethylene glycol either as a vapor or 
 in an aqueous solution. Montmorillonite has easily accessible intersheet space and 
 ethylene glycol will enter into the internal spacing. Because ethylene glycol is 
 larger that water molecules the interplanner distance is increased upon the entry of 
 ethylene glycol to 17 Å. The sample is then rescanned to check for the shifting of 
 the original 14 Å peak to a 17 Å one. If the 14 Å peak shifts to a larger spacing  
 the sample contains a mixture of clays. The relative abundance of montmorillonite 
 is estimated by the amount shifted from 14 to 17 Å. 
5. After glycolation, if the 14 Å peak persists the glycolated slide heated at 350o C 
 for 12 hours and then rescanned. The persistence of the 14 Å peak after thermal 
 treatment confirms the presence of chlorite. Dioctahedral Vermiculite is identified 
 if the peak shifts to 12 Å with an overall decrease in intensity.  If the 14 Å peak 
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 disappears completely then the clay mineral is identified as trioctahedral 
 vermiculite. 
6.  If the 14Å peak persists, the slide is heated at 350o C for 12 hours and then 
 rescanned. If neither 14 Å peak nor 3.54 Å peak (n = 3) peaks are affected 
 (change in intensity and shifting), results confirm the presence of Mg-chlorite. If 
 only the 14 Å peak decreases in intensity then Fe-chlorite is confirmed.  
 Disappearance of the 14 Å peak and the emergence of a 10-11 Å broad peak 
 confirms the presence of dioctahedral vermiculite. 
7.  The 17 Å peak from montmorillonite (step 4) will shift to 9.5 Å. All 7 Å peaks 
 due to Kaolinite will disappear.  
8.  The minerals illite and kaolinite are identified based on the diffraction analysis   
9.  The quantitation of illite, kaolinite , chlorite plagioclases and feldspar  was done 
 through Rietveld method utilizing a ZnO internal standard 146. 
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    Figure 63: A diffractogram for an untreated clay sample131. 
 
 
 
 
 
 
 
 
 
 
 
 
        
                   Reflection line ( Ǻ) 
 
Reflection order 10 20 30 40
 
Anorthite ( Ca plagioclase) 
 
 
3.20 
 
3.189
 
4.048
 
3.758
 
Albite ( Na plagioclase) 
 
 
3. 18 
 
3.753
 
3.213
 
4.042
 
Orthoclase ( K- feldspar) 
 
 
3.31 
 
3.778
 
4.227
 
3.247
 
Quartz  
 
 
3.34 
 
4.262
 
1.821
 
2.461
 
Illite 
 
 
10.3 
 
4.499
 
2.57 
 
3.69 
 
Chlorite( Mg-Clinochlore) 
 
 
7.12 
 
14.27
 
3.565
 
4.754
 
Kaolinite 
 
 
7.17 
 
1.499
 
3.588
 
1.627
 
 
Table 20 : Some reflection lines used in semi-quantitative analysis of rocks using XRD  
       spectrometer 139 
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Appendix 1 D: Results from secondary PCA 
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Figure 64: A scree plot for the secondary principal component analysis 
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Figure 65 : A three dimensional plot of the secondary PCs. 
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Figure 66: A biplot for the secondary PCA. 
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Variable       PC1     PC2     PC3     PC4     PC5     PC6 
% Illite      0.427  -0.489   0.222  -0.215   0.458   0.522 
% Kaolinite  -0.524   0.152   0.350   0.119  -0.264   0.704 
% Chlorite    0.303   0.308  -0.752   0.060  -0.111   0.482 
Total Se      0.325   0.543   0.343   0.579   0.384   0.000 
Total As      0.464  -0.335   0.183   0.404  -0.690   0.000 
Se(IV)        0.360   0.485   0.334  -0.662  -0.292  -0.000 
 
Eigenvalue   2.9773  1.4220  1.0394  0.3263  0.2350  -0.0000 
Proportion   0.496   0.237   0.173   0.054   0.039   -0.000 
Cumulative   0.496   0.733   0.906   0.961   1.000    1.000 
 
 
 
Table 21:  Secondary principal components and their respective eigenvalues. 
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